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ABSTRACT

An efficient and user-oriented method has been construct i for calculating
flow in and about complex inlet configurations. Efficiency is attained by: the
use of a panel method, a technique of superposition for obtaining soluticns at
any inlet operating condition, and employment of an advanced matrix-iteration
technique for solving large full systems of equations, including the nonlinear
equations for the Kutta condition. User concerns are addressed by the provi-
sion of several novel graphical output options that, taken together, yield a
more complete comprehension of the flowfield than had been possible previously.
Examples of these features are presented for some complicated configurations.
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PRINCIPAL NOTATION

Matrix of induced normal velocities at the control points. Also
flat panel area.

Subscripts 32, 41. Intercept on n axis of panel side.

Dipole derivative along an N-line. Subscripts F and S denote values
on first and second N-Tines of a panel, respectively. Subscript K
denotes value associated with K-th 1ifting strip (Fig. 1).

Geometric constant for a panel designed to minimize dipole di on-
tinuity along a Tifting strip.

Geometric constants expressing source derivative on a panel in
terms of values of source density on surrounding panels.

Length of a side of a panel; used with subscripts to denote a par- :‘
ticular side. ?

Geometric constant denoting arc length along an N-line from trailing
edge to n-axis of a pamel. Subscripts F and S denote first and
second N-lines, respectively.

Integer subscripts denoting panel rumber.

Unit vectors along axis of Cartesian coordinate system. Subscript e
denotes panel coordinate system.

Mumber of lifting strips.

Total arc length of an N-1ine from trailing edge to leading edge and
back again.

Subscripts 32, 41. Slope of a panel side.
Components of n in panel coordinates.
Unit normal vector to a panel.

Number of panels.

Curve along which input points are distributed. On 1ifting portions
it defines a wing section (Fig. 1).

Derivatives of panel shape at origin of panel coordinates

HMagnitude of r
Vector between the two points in space.

Surface area of curved panel. Used with subscripts 32, 41 denotes
cosine of slope angle of a panel side.



£+

Maximum dimension of a panel.

Nonorthogonal coordinates used in parametric cubic surface repre-
sentation.

Velocity. Used with various subscripts and superscripts.

Velocity at i-th control point due to unit source density on j-th
panel.

Final combined velocity at i-th control point.

Velocity at i-th control point due to unit dipcle derivative on K-th
Tifting strip.

Width of a panel or lifting strip.

Cartesian coordinates.

Coordinates of a point of a panel in its own coordinate system.
Underlying dipole distribution on a panel that defines the panel
vorticity distribution. Subscripts x and y denote derfvatives at the
origin of panel coordinates.

Source density on a panel. Subscripts x and y denote derivatives at

the origin of panel coordinates. Integer subscripts denote value at
origin of some particular panel.

Vector vortic.ty strength on a panel.
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1.0 INTRODUCTION

The present work consists of the construction of a computer program for analyz-
ing flow in and about very complicated three-dimensional iniet configurations.
The basic calculational technique is a panel method, whose choice is dictated
by considerations of numerical efficiency and geometric generality. Such a
method can calculate flow about virtuallv any passive configuration in a rou-
tine fashion. An inlet, however, is active in the sense that it contains
complicated internal machinery that controls the amount of fluid that enters.
For the present purpose, it is not necessary or even desirable to analyze this
machinery in detail. Instead, its effect is lumped into a single parameter,
namely the mass flow through the inlet. This situation is ceen most clearly
in the static case where the inlet is at rest in an otherwise uniisturbed
fluid. Here the only fluid motion is that due to ingestion of fluid by the
inlet. The difference between a method applicable to inlets and a method for
passive bodies is that the former must contain a calculational device for con-
trolling mass flow through the inlet. As will be seen, this requirement is
equivalent to a calculational device for generating a static solution.

Reference 1 describes a method for calculating flow about simple three-
dimensional inlets by means of a first-order panel method. Reference 2 pre-
sents a procedure applicable to inlets having auxiliary inlets which uses a
higher-order panel method. The present program generalizes this last to the
case of inlets having leading-edge slats. Thus this method must account for

lifting effects, while that of Ref. 2 did not. This represents a considerable
difference. Not only must the code contain formulas giving the effects of
bound and trailing vorticity, but the iterative matrix solution must be altered
radically to include the nonlinear Kutta condition. Moreover, the user must
now bear the responsibility of specifying the location of the trailing vortex
wake., As far as the code is concerned, the designation "leading-edge slat"
may be interpreted very generally as a lifting portion of the configuration.
Thus the program can consider an inlet mounted on a 1ifting wing-pylon
configuration.

It should be pointed out that the rather elaborate scheme outlined here is made
necessary by the requirement to simultaneously analyze flow outside and inside
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the inlet. If only the exterior flow were of interest, the inlet entrance
could be represented by panels on which an inflow velocity distribution is
specified.

This inlet program is thus the latest in a series of panel-method programs,
each of which depends on the previous ones. Two previous inlet programs,
Refs. 1 and 2, have already been mentioned. The present code is based on the
higher-order 1ifting panel method of Ref. 3, which in turn is based on the

h igher-order nonlifting panel method of Ref. 4, and both are extensions of the
first-order 1ifting panel method of Ref. 5. Recent documents, notably Refs. 2
and 3, refer liberally to the earlier documents. Thus no one document contains
all the necessary formulas and togic of the ensemble of programs that were
developed up to this time. It was decided to remedy this situation by making
the present report complete. A11 the panel-method formulas and inlet proced-
ures that pertain to the present code are contained herein. The resulting
reference manual is somewhat Tengthy, but it is complete.

3495H 2
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2.0 THE HIGHER- ORDER PANEL METHOD

2.1 General Description

The panel method here is a higher-order source method. In a source method the
unknown value of source density on each panel is adjusted to satisfy the
normal-velocity boundary condition at the panel control points, while dipole
and/or vorticity is treated as an auxiliary singularity that js used to produce
the 1ifting effects. In contrast to a first-order panel method (Ref. 5), which
uses a constant source density on flat panels, the higher-order method (Ref. 3)
accounts for source-derivative and surface-curvature effects. As examples will
show, inclusion of these effects can be quite important for internal flows.
The panel method of Ref. 3 js the only current method that accounts for local
surface curvature despite analysis that indicates that a method is not truly
higher order if these effects are jgnored (see Section 2.2 below).

A three-dimensional lifting flow is characterized by the presence of a trailing
vortex sheet that issues from the trailing edge of the Tifting portion of the
configuration, e.g. a wing or slat (see Figure 1). If more than one Tifting
device is present, such a sheet jssues from every trailing edge. The location
of the trailing vortex sheet is not known a priori. In the present panel
method the location is simply input by the user based on his experience and
physical intuition. 1In the case of a wing-fuselage, this jssue is unimportant
because the wake is relatively far from all parts of the wing and is weak near
the body. In the inlet case, however, the wake of the slat is ingested and
probably lies close to the inner surface of the inlet. The wake location could
be important, and jts estimation might be somewhat difficult, particularly at
angle of attack.

A key issue in any lifting procedure is the method of applying the Kutta con-
dition. 0ddly most panel-method publications virtually ignore this question,
presumbly because the authors consider it unimportant. In fact, the Kutta
condition is of first importance, because it determines the circulation dis-
tribution that drives the whole lifting flow. Classically, the Kutta condition
js stated as the avoidance of an infinite velocity at the trailing edge.
Clearly such a condition cannot be enforced numerically, 3nd some other

3495H 3



criterion, which is a consequence of the Kutta condition, must be invoked.
Physically, it .s absolutely necessary that upper- and Tower-surface pressures
on the wing must approach a common value at the trailing edge. This is the
form of the Kutta condition employed in the present panel method. 0ddly no
other panel method uses the equal-pressure Kutta condition. Instead, other
derivative conditions are used. The reason for this is probably that the
equal-pressure condition is nonlinear, while the alternate conditions are
Tinear, which simplifies the numerical procedure. The price of linearity is
high, however, because calculated results can be seriously in error. Figure 2
shows calculated results from Ref. 6. It can be seen that only the present
panel method gives equal upper- and Tower-surface trailing-edge pressures for
this case. The other methods give a pressure wismatch of up to half of free-
stream dynamic pressure. )

Ancther important festure of the present panel method is its use of an iters-
tive mtrix solution. An inlet having a centerbody, an awxiliary inlet, and
one or more slats {s a very complicated configuration, which if mounted on a
wing-pylon becomes much more compliicated. Thus the cases to which the present
method will be applied tend to have Targe panel numbers. For such cases an
iterative solution of the Tinear equations that express the boundary condition
is an order of magnitude faster computationally than a direc’. elimination
solution. As is well known, the computational effort for an iterative solution
is proportional to the square of the number of equations, i.e. to the panel
number, while that of the direct solution is proportional to the cube. Thus
the advantage of the former becomes greater as the panel number increases and
as the computation time becomes a more important factor. For the iterative
solution to realize this advantage, it must converge reliably in a relatively
small number of iterations, say 10-20. As reported in Ref. 2, an accelerated
block Gauss-Siedel achieved this efficiency in the nonlifting panel method.
The addition of 1ift produces a major complication in that the values of bound
vorticity must be included among the unknowns and the set of equations must
contain those expressing the Kutta conditions at various span locations along
the trailing edges. As mentioned above, these last are nonlinear. The stand-
ard “Newton-type" method for solving sets of nonlinear equations consists of
successive linearizations followed by fteration. That is, in each iteration a
set of linear equations is solved, but the coefficient matrix changes with
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each iteration. This alternative type of iteration was incorporated into the
basic block Gauss-Siedel scheme, and after a restructuring of the acceleration
procedure, a reliable method was obtained. The number of jterations required
for convergence is increased 30% compared %9 the nonlifting case.

2.2 Consistency Analysis

One of the distinguishing features of panel methods is thet the velocity due
to a panel singularity is computed analytically, as contrasted with other
so-called "boundary-element” methods where numerical quadratures are employed.
This feature is rendered necessary by the requirement faced by a practical
panel method that panel dimensions are often larger than characteristic physi-
cal dimensions of the boundary. For example, in the midchord mid-semi-span
region of a wing the spamwise dimension of panels is normally an order of mag-
nitude larger than the local wing thickness (Fig. 1). The integrals over a
panel giving the potentials and/or velocities due to various singularity dis-
tributions can be integrated amalytically only if the panel is flat. Other
panel methods have assumed flat panels from the beginning and ther hypothesized
singularity distributions that are two-variable polvnomials of various degrees,
usually ranging from constant to quadratic. Investigators who use the poly-
nomials of higher degree tend to label their methods "higher-order® and thus
to imply that the increase of accuracy with panel number of such a method is
more rapid than that of a "lower order® method. Such as assertion has been
proven false by direct comparisons of calculated results (Refs. 6 and 7). The
reason is simply that successive refinement of an integrand (the singularity
distribution) without simultaneous refinement of the integration region (the
panel geometry) cannot lead to improved results, because the factors neglected
are more important than the additional factors included.

An alternative approach is to expand the effect of a general panel about its
tangent panel. All relevant quantities can be expanded in Taylor's series
about the tangency point and the integral expressed as a sequence of terms each
of “"higher order® in panel dimension than the preceding terms. Since all
integrals are over the flat tangent panel, they all can be evaluated analyt-
jcally. But the expanded terms contain derivatives of both the singularity
strength and the body shape. The analysis is done in detail in Appendix A for
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the case of source singularity. It is shown there that a term of a given order
contains derivatives of the surface shape that are one degree higher than the
highest singularity derivative. Thus consistent combinations are: flat-panel/
constant source, paraboloidal panel/linear source, cubic panel/quadratic
source, etc. The same is true for vorticity, which reflects the fact that
vorticity effects can be expressed in terms of source effects (see Appendix H).
Dipole effects have a more complicated expansion due to the fact that a dipole
distribution on a panel is equivalent to a vorticity distribution equal to its
gradient (and thus a polynomial one degree lower) plus a concentrated vortex
filament around the edges of the panel. The present approach uses panel vor-
ticity and adds the appropriate edge vortices. '

2.3 Development of the Panels from Input Points

As in all panel methods, the body surface and wake are input to the computer
by specifying the coordinates of a number of points on the surface. These are
associated in groups of four to form the quadrilateral surface parels (Fig. 1).
This my be done in a variety of ways. In the present program the end result
is a trapezoidal tangent panel (Fig. 3) and various geometric quantities (about
60) associated with it. This is a much smaller number of geometric quantities
than many other panel methods require. The order of the input points is along
certain curves called N-lines (Fig. 1). On lifting portions of the body the
first and last poiats on the N-line are at the trailing edge. The set of
panels formed from the points lyiny on two consecutive N-lines on a lifting
portion is denoted a lifting strip of panels.

The initial step in generating the panel consists of using a "canned” routine
for fitting surfaces by parametric bicubic splines. This is applied to each
panel individually to generate the panel coordinate system, the coordinates of
the four corners of the panel in this system, and the three second derivatives
of the surface at the origin of panel coordinates. The panel coordinate origin
is the point of tangency to the surface of the tangent panel! and is also the
control point where the normal-velocity boundary condition is applied. The
procedure for doing this is described in Appendix B.

34954 6



As shown in Fig. 3, the corner point coordinates are £, ny, K=1, 2, 3, 4.
The lengths of the parallel sides are:

dyp =dp = Ep = Eps dgg =dg = &3~ By

The width of the panel is

The slanting sides are straight lines with equations of the form

E=m+b

where

£, - & £y - &
2753 17 54
®32 v’ 1" w

byp =~ b v
The maximum diagonal of the panel is

//(EZ - 54)2 + (n, - n4)2
t = max

/ey - )7 + lng = mY?

Further define

S0/ 1+ %y » S =71+

The lengths of the slanting sides are

da, = WS, dgy = WSy

Eqnp - oMy , Ep1-Eg

(2.3.1)

(2.3.2}

(2.3.3)

(2.3.4)

(2.3.5)

(2.3.6)

(2.3.7)

Also needed for 1ifting panels are the total arc lengths along the N-lines from

the trailing edge up to the n-axis of the panel in question.

3495H 7
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hF = ZdF = E]’ hS = st - 54 (2.3.8)

where the sums are over the previous panels of the 1ifting strip.

Finally the normalized moments of the area of the panel are required. The
method of calculating these is in Appendix C.

2.4 Velocities Induced by the Source Distribution on the Panels

Formulas for the velocity induced by an individual pancl at a pcint in space
are obtained from the expressions developed in Appendix A by aifferentiating
and then performing the indicated integrations over the flat projected panel.
Different procedures are called for depending on the distance of the point in
question from the panel. For nearby points, the expressions of Appendix A are
integrated exactly. This procedure is rather lengthy and details are omitted.
Only the final formulas for this *near field" are presented (Appendix D) and
these are the key to the present panel method. It is assumed that the point
in question has been transformed into the panel coordinate system and afl near-
field formulas are given in terms of this coordinate system. For points
further from the panel, the integrals of Appendix A are evaluated by a classic
multipole expansion. The orders of the expansions are selected to be at least
as high as the terms in question. This is a relatively simple procedure ana-
lytically, and the resulting “intermediate field" formulas require much less
computing time than the near-field formulas (Appendix E). This computation
also is carried out in panel coordinates. The velocities calculated by the
near-field and intermediate-field formulas must be transformed into the refer-
ence coordinate system. For points even further away, a "far-field" approxi-
mation is used (Appendix F). This is cbtained simply by retaining only the
first terms in the multipole expansions. However, the far-field formulas have
been put in vector form, and thus they can be evaluated directly in the
so-called reference coordinate system in which the body is input. This elim-
inates the need for transformations and further reduces computing time. Some
of the quantities in the near-field formulas lose numerical significance for
certain ranges of values of the parameters, e.g. control point near the exten-
sion of a side or effect of a very long thin panel on adjacent control points.
Most of these problems are due to the short word length used by IBM computers

3495H 8
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and do not arise for CDC equipment. A variety of special formulas based on
power series expans ions have been developed for use in the troublesome situa-

tions. These are collected in Appendix G.

The source potential is given in Eqs. (A.31) through (A.35) of Appendix A. The
velocity induced by the panel is obtained by taking the negative gradient to
obtain

7 - V(O)oo AT AT AL AL V“"’ox + V”y)oy] (2.4.1)

where each individual velocity is the negative gradient of the corresponding
potential.

2.5 The Source Derivative Ter: ;. Assesbly of the Matrix of Influence
Coefficients

2.5.1 The Numerical pifferential Procedure. Geometric Constants

As stated in Section 2.4, the basic source velocity forrula (2.4.1) contains
coefficients o, and Oys which are the derivatives of the source density

with respect to the panel’s coordinate directions. It is not intended that
these be additional unknowns. Instead, they are expressed in terms of the
unknown values of source density at the control points of the surrounding
panels. Thus, ultimately the values of source density at the control points
of the panels are the only unknowns. The source-derivative procedure is
slightly different for the first and last panels of a strip and for panels of
the first and last strips. However, the modifications are quite straight-
forward. In the initiai discussion it is assumed that the panel on which
source derivatives are being evaluated (the panel in question) has adjacent
panels on all four sides as shown in Fig. 4. For the purposes of the present
discussion only, the control points of the adjacent panels are numbered K = 0,
1, 2, 3, 4 as shown in Fig. 4, where 0 denotes the element in question. These
control points are transformed into the coordinate system of the panel in
question. Let the and n coordinates of these control points be Eoks oK’
K=0,1, ..., 4 and the values of source density at the control points be oys
K=0,1,...,4 (evidently Ego = "00 " 0). The differentiation process expresses
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the source derivatives on the panel in question in terms of the unknown values

of source density on the adjacent panels in the form

M.
G = 2 C\X)o
X k=0 K K

(2.5.1)

o
o = ) 7
Y k=0 K K

where M represents the number of adjacent panels. It is 4 for interior panels,
3 for panels on the edge of a section, and 2 for panels in a cormer of a
section.

The essentials of the numerical process are that it calculates one-dimensional
derivatives in the u and v directions of the parametric-cubic coordinate systenm
of Appendix A and then expresses the derivatives with respect to the panel
coordinates in terms of these.

For each panel, calculate the geometric quantities

At‘%[€]+§2‘53'54], a=V(A2) + W

. (2.5.2)
u = At/a, v = w/a, d-= -i-(dF + dS)
For the purpose of one-dimensional differentiation, define the coordinates
_ 1 1 (2.5.3)
ty =7 (35 + 23), ty = =7 (3g + )

where the subscripts are panel designations of Fig. 4. Then centered 3-point
differentiation, which is appropriate in the interior of a section, gives

o, = i Oq - N o - al o
X x](x2 - x]) 1 x]x2 0 xz(x2 - x]) 2
(2.5.4)

Oy = Oy - o, - -E—(f—"_)’ o
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The first of Eqs. (2.5.4) already gives the first of Eqs. (2.5.1). Thus

TS N Hie S 0 N x| Xy
0 X1X, 1 XX, - Xq) ° 2 X (X, = Xy)
1°2 1'72 1 2'72 1
(2.5.5)
(x) (x)
C3 Cy 0
By analogy the second of Eqs. (2.5.4) gives t-derivative coefficients
1) "3 O I T S Y R ty
(2.5.6)
(t) _ (t) _
C] = C2 =0
By the chain rule
Thus
-1 . 1 ..(t) (x)
oy =y (o, - o) E vy (& - uG oy (2.5.8)
and finally
(y) -.l _ (x) -
CK =y u K=0, 1, ..., 4 (2.5.9)

For panels on the edge of sections, the centered 3-point formulas (2.5.4) must
be replaced by 2-point one-sided formulas in the direction (or directions)
where a third value does not exist.

2.5.2 Logic of the Assembly Procedure

In the first-order method the velocity induced by a panel depends only on the
source density on that panel and thus the “influence coefficients” for that
panel are calculated solely from that panel’s geometry. The essentially new
feature of the source derivative procedure is that the velocity induced by a
panel depends on the value of source density at the control point of that panel
and also on the values of source density at the control points of adjacent
elements. Similarly, the velocities induced by adjacent elements depend on the
source density on the panel in question. Thus the “influence coefficients® for
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a panel depend not only on the geometry of that panel but also on the geometry
of adjacent panels and the assembly of the influence coefficient matrix is more
complicated.

Let the panels be numbered consecutively in the order they have been formed.
Thus, reference is made to the j-th panel and to the j-th panel where both 1
and j range from 1 to N. Another way of stating the essentially new feature
above is that a distinction must be made between the effect of the j-th panel
and the effect of the j-th value of source density, whereas these two effects
are identical in the first-order method. Let ¥+;; be the velocity induced at
the i-th control point by the j-th panel and Vﬁ be the velocity induced at
that point by the j-th value of source density. Then in the notation of
Section 2.4 and the present sectiom,

1y, - K0 4 1 o f 0 (0 ) 4 e

M

Notice that subscripts i and j are omitted on the right side of Eq. (2.5.10)
for simplicity. .In the overall numbering scheme, o, in (2.5.10) is o3 and op»
O, O3 and o4 have subscripts near j. All velocities in (2.5.10) depend only
on the geometry of the j-th panel. The curvatures P, Q, R and the coefficients
CéX) and Céy) depend on the surrounding panels, but once calculated they can

1Y

be associated with the j-th panel only.

Consider now the i-th row of the matrix Vi., which expresses the effects of

the various values of source density at the i-th control poént. The first
bracketed temm in (2.5.10) is an effect of o. and is added to the j-th

Jocation of the row. The four terms in the summation of (2.5.10) represent
effects of other values of o and must be added to other locationms. Referring

to Fig. 4, it can be seen that the panels nuwbered 1 and 2 are on the same

strip as the panel in question and thus represent effects of the preceding and
succeeding values of o. In particular, valve 1 is associated with 051 and
value 2 with 6j+] and the relevant terms of Eq. (2.5.10) are added to those loca-
tions. Pancls 3 and 4, however, are on adjacent strips. Suppose there are E
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panels on each strip. Then value 3 is associated with O5-E and value 4 with
O S4E? and the relevant terms of Eq. (2.5.10) are added to these locations of
the row.

2.6 Vorticity Influence of a Panel

2.6.1 Panel Vorticity and the Underlying Dipole Distribution

The effect of a vorticity distribution on a panel cannot be expressed in terms
of a potential, as mentioned above. The velocity jnduced by the panel of Fig.
8 at a point (x,y,z) is

v, = ff 2 XL ds . (2.6.1)
S r
where o is the vector vorticity strength and

o x-efrly-misz-oK (2.6.2)

The distance r has its usual meaning, which is also equal to |¥|, and the
jntegral is over the true panel. To insure that the vorticity satisfies the
usual vorticity conservation theorems over the panel, it is convenient to
express > in terms of equivalent dipole distribution u. As shown in Ref. 5,
the relation is

@ = -n x gradu (2.6.3)

where 7 is the unit normal vector, whose components ng, T Ng are given by
Eqs. (A.8) through (A.10). In Appendix A, 1, 3, k were used as unit vectors
along the axes of the panel coordinate system, because no other coordinate
system entered the discussion. Here, to avoid any possible confusion, these
unit vectors will be written 1e’ }e’ ie (Appendix B) to specify that they are
indeed unit vectors of the panel system. To be compatible with the source
density and panel-geometry expansions, u is taken to be a quadratic function
of panel coordinates £ and n in

H=Hyt uE + uyn + uxxiz + uxyEn + uyynz (2.6.4)
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so that the components of @ vary linearly over the panel. Furthermore, since
a two-term expansion of the source potential is all that appears feasible, only
a two-term expansion of Eq. (2.6.1) is required. Evidently

oy _
3 = Px + Z(uxxz + uxyn)
(2.6.5)
¥, u o+ 2, &+ n)
on y Xy Yy

are two-term expansions of the components of gradu. Then Eq. (2.6.3) gives

> e 3yt du _ o 9,
w = (n, 37, (n, aE)Je +(n, fé‘ ng an)ze (2.5.6)

Two-term expansions of the ?e and 3e components of (2.6.6) contain zeroth
and first-order terms. Since the leading term of the fe component is linear,
only that one term is required. The two-term expsnsion of Eq. (2.6.6) is

> >

W= lv, + Z(H“E + v”n)ﬁe - lugt 20w £ 4 uxyn)Jje tlgm ¢ ‘zg"y«"e
(2.6.7)

Now using Eq. (2.6.7), a two-term expansion of Eq. (2.6.1) may be carried out,

and the resulting velocity put in terms of source influences. This development
is carried out in Appendix H.

The dipole strength is required to vary linearly over the N-lines bounding the
panel. In particular

=
N

= BF(; + hF) on n=mn
(2.6.8)

u BS(E + hs) on n

"3

when these are applied to Eq. (2.6.4), it turns out that 1 must have the form

u=;‘,—l£n+th-n3€-n3hF+cw(n-n3)(n-n1)]BF (2.69)

- ]; LEn + hS“ - M - "th + cw(n - n3)(n - n])JBS
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Notice that y is expressed as the sum of two dipole distributions: one
multiplying B that is zero for n = n, and one multiplying B that is zero for
n=ong. Thus, one dipole distribution is associated with each N-line. The
logic of the calculation keeps these two separate until a later stage of the
calculation. The constants BF and BS are essentially bound vorticity strengths
that are determined by the Kutta condition. It is the distribution multiplying
each that is important at this stage, so in effect the B's zre set equal to
unity. The constants in the underlying dipole distributions are

p-derivative First N-Tine Second N-line
N ]
By w “w
j!i -c{ng + M) - hs +cl(n, + nn)
“y ] Mty w MmMtH
Uyex 0 0 (2.6.10)
1 1
Uxy ™ ]
Yyy ¢ -¢

The foregoing are on-body formulas. For wake panels set

x = Myx = ¥y = 0

(2.0.11)
he = Lg (total), hg = Lg (total)

where L (total) is the total arc length of an N-line from trailing edge to
trailing edge. Equation (2.6.11) reflects the fact that the underlying dipole
strength is constant along N-lines in the wake.

A11 constants in Eq. (2.6.10) are known except c. It is determined to make the
dipole strength as continuous as possible from one panel to the next along a
lifting strip. Clearly nothing enforces continuity if there is a physical gap
between the panels, sc c is determined assuming that adjacent panels on a
1ifting strip share a common side. This seems the best that can be done.
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Consider the dipole strength along the "top* side of the panel between the
points (53, n3) and (Ez, "2) (Fig. 3). It is obtained by setting £ = m,,n +
by, in Eq. (2.6.9). The result is

p(32) = p(linear) + (BF - BS){cw2 + wm32} [E (E - 1] (2.6.12)

In the square bracket s denotes arc length along the side and L the total
length of the side (L = dy, in the notation of Section 2.3). The function
u(linear) is a linear function that varies from the value of u at the point
(63, n3) to the value of u at the point (52, nz). On the adjacent element, the
“hottom” side that Ties between the points (54, n4) and (El, n]) is the one
that lies along the side discussed above. The dipole strength along this side
is

u(41) = u(linear) + (B - B iow’ + wmy ) [F (F - 1)) (2.6.13)

Ignoring any small gaps between elements, the quantities u(linear), s, and L
are identical in Eqs. (2.6.10) and (2.6.11), as are B and Bs- The only
quant ities that are different are those in the curly brackets. Here c and w
correspond to different elements, while the slopes ", and LY correspond
to different sides of different elesents. Thus continuity between panels i
and i + 1 of a strip is obtained if

w(i)[c(i)w(i) + -gg)] - wi+1)[c(i+l)w(i+l) + q£;+])]

(2.6.14)

where w is panel width (usually the same for all panels of a strip), may is
the sTope of the upper panel edge and my; the s1o?g of the lower panel edge.
Eq. (2.6.14) is solved for successive values of c i) beginning with

Moo (2.6.15)

and proceeding over all on-body panels of the strip. The choice, Eq. (2.6.15),
is arbitrary and expresses the fact that Eq. (2.6.14) has a nonunique solution.
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2.6.2 Edge Yortices

The fundamental development of Ref. 5 shows that the velocity induced at a
point in space by a dipole distribution p over a panel is identical to the

sum of the velocity induced by a vorticity distribution S, as given by Eq.
(2.6.3), and the velocity due to a concentrated line vortex around the
perimeter of the panel whose variable strenath equals the local value of
dipole strength. While the velocity due to the dipole distribution is
inherently a potential flow (zero curl), neither of the other two velocities
are; only their sum is poteutial. Using @ in the form of Eq. (2.6.3) satis-
fies the vorticity conservation theorems over the surface of the panel but not
at its edges. Thus to the vorticity velocity of Appendix H must be added the
effects of line vecrtices on the edges of the panel with strength equal to the
local value of the underlying dipole distribution. Since an actual body obvi-
ously does not have line vortices in its surface, in the sbsence of numerical
approximation the edge vortices of adjacent panels would cancel exactly. Thus
it might be hoped that the panel edge vortices could be ignored any from
physical edges such as wing tips. It turns out that this is true for spamwise
panel edges but not for streamwise panel edges. That is, referring to Fig. 1,
the edge vortices of adjacent panels on the same 1ifting strip cancel to a good
approximation (especially when the continuity algorithm of Section 2.6.1 is
employed) and thus may be ignored. However, the edge vortices that lie along
an N-Tine in general do not cancel with those of panels of the adjacent lifting
strip to a degree that justifies their omission.

There are several ways of accounting for the effect of the edge vortex, all of
which are theoretically equivalent to some order of accuracy. The approach
used here is the analogy of that used throughout the higher-order development.
A vortex lying along the edge of a curved panel is projected into the tangent
plane. The relevant formulas are developed in Appendices I and J.

2.6.3 The Trailing Vortex Wake

The wake is input to the program by specifying points along N-1ines just as
for on-body points. The option exists of making the last panel on each wake
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strip semi-infinite. In many cases, such as a clean wing, the Tocation of the
wake has very little effect on the solution. In such cases, the wake may be
taken as semi-infinite right from the trailing edge, and no wake points need
be specified. This optional wake may have the direction of either the
trailing-edge bisector or the x-axis.

Wake panels have vorticity but no source density. However, because of the way
in which vorticity effects are calculated in the present program, essentially
the same induced-velocity formulas must be evaluated as for on-body panels.

Of course, no boundary conditions are applied on wake panels, and their pres-
ence does not affect the order of the matrix of the linear equations for the
source density.

For finite wake panels, the basic influence formulas are unchanged, but the
constants defining the underling dipole distribution and the edge vortex form-
ulas are modified as described in the previous sections. Also modified are the
values of c that improve dipole continuity between panels of a 1ifting strip
(Section 2.6.1). Let superscript (1) denote quantities associated with the
first on-body element of a 1ifting strip and superscript u denote quantities
associated with the last on-body element of the strip. Similarly, the super-
scripts wl, w2, etc. denote the first wake element, second wake element, etc.
of the same lifting strip. The important value of c is c('l), i.e., the one
for the first wake element. It is computed from

W) | )y | (DM (D)

UL (2.6.15)

['(\ﬂ ) ]Z

where the quantities w, M3ss Mgy have their usual meaning (usually c(]) =0).
Values of c for the remaining wake elements are obtained from

c(wl)[w(WI)]Z - C(UZ)['(HQ)]Z - c(w3)t'(w3)]2 - ... (2.6.16)

In most cases of interest, the trailing vortex wake extends to infinity. To
facilitate accounting for this condition, provision has been made for consid-
ering the last element of the wake to be semi-infinite. A finite element of
the sort shown in Fig. 3 is formed at the end of the wake, including all the
geometric quantities of Section 2.3. The induced velocity calculation for this
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element is performed using the origin of coordinates appropriate to the finite
element, but the formulas used to calculate induced velocities are appropriate
for the semi-infinite element. Naturally, all points in space are in the "near
field" with respect to a semi-infinite element, so it is the formulas of
Appendix D that apply. These formulas are modified by setting

my, = 0
(2.6.17)
52 -+ © 2;3 > @
This yields immediately
oy Bis Ypr s Bg» Ya unchanged (2.6.18)
%sazz-], s3=82=y3=7330

The log functions, Eq. (D.3), and their derivatives, Eq. (D.6) are replaced by

L“l) = unchanged, all derivatives unchanged

(2.6.19)
L(32) - g, all derivatives equal zero
a2y, (e g Tem - Eg)
L1204 LB =0y o=y (2.6.20)
aL(M) . 0-4 - ] aL(]Z) . (!-I - ]
ax ry - (x - 54) X ro- (x - El)
39 By al12) By
3y Tg - (X - &) ay ri- (x-&)
(2.6.21)
aL(3‘l) _ \ 3L(12) _ N
oz s - (x - 54) oz - (x - E,)

The inverse tangent functions, Eqs. (D.4), and their derivatives, Egqs. (D.5),
are replaced by




L T

Y- ™%

¥4

It

(32)
Ty )

>
]

tan-] { Jor?2

(2.6.22)

l

L(41)

K = unchanged, k=4o0or]1l

aT‘(<32)
X

(32)

Tk z k=3or2
= s n =3 0r
4 (y- nk)2 oM

(32)
aT'; I ""Lf (2.6.23)
z P (y - 'k)

(81

—-%—i— = unchanged .

)
k
T unchanged k=40r1

(41)
My

= = ynchanged
oZ

A1l of the quantities of Appendix D are now recalculated using these wmodified
values, except that Hg, is replaced by

r,-r X -m,y-b

4 1 41 41  (41)

Hy, = M - -y L +w (2.6.24)
02 414, "il (1+ "%1)3,

The induced velocities from the last wake element are added to the other dipole
velocities of the 1ifting strip in the ordinary way.

2.6.4 Some Special Situations

Two special situations exist where panels must be placed inside the body
surface. No normal-velocity boundary condition can be applied at such elements
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and no source density should be applied to them. However, they do have vor-
ticity and this must be accounted for.

The first situation occurs when a portion of the body jrtersects a lifting
portion at a finite angle (often nearly normal) without breaking the continuity
of the trailing edge. An example is provided by the wing-pylon intersection
shown in Fig. 5. A certain portion of the 1ifting body surface is *inside” the
pylon. However, the underlying dipole distribution should be continuous
through this region to avoid numerical difficulties. Thus, as far as vorticity
calculations are concerned, the *inside" panels are normal members of the lift-
ing strips to which they belong. But they are jgnored as far as source calcu-
lations or boundary conditions are concerned. Such panels are designated

» jgnored panels.” They usually comprise only part of a lifting strip.

The second situation occurs when a lifting portion of the body intersects
another portion at a finite angle (often nearly normal). The important case
of this is the wing-fuselage intersection, as illustrated in Fig. 6. As is
well-known, the local "section 1ift coefficient® on the wing does not fall to
sero at the fuselage intersection. Thus, the underlying dipole strength on the
N-line lying along the jntersection is not zero. However, the 1ifting section
cannot simply be terminated, because that would result in a concentrated edge
vortex filament right on the surface. Accordingly, an additional or *extra®
lifting strip is added to the 1ifting section (see Fig. 6). It is either the
first or the last strip of the lifting section. The extra strip lies inside
the other body and is a complete 1ifting strip including wake. No source den-
sities or normal-velocity boundary conditions are applied %o the panels of the
extra strip. The underlying dipole strength is taken constant in the "span-
wise® direction across the extra strip. The value of the dipole strength on
the extra strip has nonzero dipole strength and may lead to a concentrated edge
vortex in the streamwise direction. For example, as shown in Fig. 5, *he
vortex may lie along the fuselage centerline and its downstream extensich. If
the 1ifting configuration has a right-and-left symmetry, €.g., a fuselage with
poth wings, and if the flow is also symmetric, e.g. Zero yaw, the extra strips
for the right and left sides have the same strengths on their interior edges.
Thus, in this case the edge vortices cancel. If, however, the 1ift is not
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symetric, there will be an edge vortex. This is unavoidable because it is
physically real. An example is the hub vortex of a propeller. This also
occurs at a tip tank, which is essentially a small fuselage with only one wing.

2.6.5 Assembly of the Vorticity Onset Flows

As described in Sections (2.6.1) and (2.6.2), the velocity induced by the vor-
ticity on a panel and the associated edge vortices fall naturally into two
parts - one proportional to the value of B on the first N-line and one propor-
tional to the value of B on the second N-line. These are summed over the
Tifting strip to yield two vorticity onset flows for each lifting strip. In
general, each onset flow has three components at every control point. Specif-
ic21ly,

'g:) _ str{p k VSE)
i

(s) _ Strip k o(s)
vik - §p '%j

k=1,2, ...p L (2.6.25)

where L is the nusber of lifting strips. The summations of Eq. (2.6.25) ave
over a complete lifting strip including the wake elements. If a lifting sec-
tion begins with an "extra strip® (Section 2.6.4), both velocities Vgi) and Véa)
for the extra strip are added to the velocity Vgi) corresponding to the first
ordinary strip of the section. Similarly, if the Tast strip of a lifting
section is an extra strip, both velocities for the extra strip are added to

the Vgﬁ) of the last ordinary lifting strip of the section. (This gives an
underlying dipole strength on the extra strip that is constant at a valuve equal
to that attained on the adjacent lifting strip along the common N-Tine of <he
two strips.) Thus, the calculation of Eq. (2.6.25) gives an N x L matrix of
velocities at the control points, where L refers to ordinary lifting strips
only. Since L is small compared to N, these matrices are small compared to the
source-velocity matrices. Each of the velocities, Eq. (2.6.25), represents the
velocity due to an underlying dipole distribution of the strip that has slope
unity on one N-Tine and zero on the other with a Tinear "spanwise® variation

in between.
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The characteristic onset flow velocities due to a strip are

V(O) _ *(S) ' +(F)

1k 1k
1)
vk

y [v(S) V(F)
The first velocity of Eq. (2.6.26) is that due to an underlying dipole distri-
bution on the strip that is constant in the "spanwise* direction. The second
velocity is that due to a dipole distribution that varies linearly in the
*spanwise® direction and has zero value at "midspan.” These velocities are
used to form the basic circulatory onset flows V(k)

(2.6.26)

1]

If the "step function® option for bound vorticity is used, the proper form of
the dipole distribution is silply'constant in the *spanwise® direction over

a lifting strip, and the veloc1ty'v( is precisely the onset flow. Thus, for
this option, the vorticity onset flows are

Vg"’ - 10, K=1,2, oy L (2.6.27)

The above yields L onset flows, each of which corresponds to a unit value of
the *streamwise” dipole derivative B on one lifting strip and zero values of B
on all other 1ifting strips.

The machinery for the "piecewise linear® option for bound vorticity is somewhat
more complicated. The "spanwise® variation of the "streanwise” dipole deriva-
tive B (bound vorticity) is linear in the “spanwise® direction across a lifting
strip. Thus, the velocity at the i-th point (control point or off-body point)
due to the k-th strip is

(str1p k) = (0) B, + wkv(:)si (2.6.28)

where LY is the "spanwise” width of the strip. B' is the "spanwise" deriva-
tive of B, and subscripts k denote quantities associated with the k-th lifting
strip. The derivative V; is evaluated by a parabolic fit through Bk-l’

Bk and Bk+1' Specifically, define
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w W, +Wk+-'

k K
Wy + 1/2(wk_] + “k+1) "k + “k-l

- "k Mt M Mk kel (2.6.29)
wk + l/'l(wk_1 + wk+1) wk + "k-l wk + wk_”

- % "t M
k =W ¥ 172wy * W) ™ %t Y

Then Eq. (2.6.28) is approximated numerically by

T, (strip k) = 100, + Vi) (8, 5 + & + Ry (2.6.30)

The velocity Eq. (2.6.30) contains values of the "streamwise” dipole derivative
B for three consecutive strips. However, 2 proper circulation onset flow is
propor*ional to the value of B on a single strip. Since each By enters

Vi (strip k) for three consecutive strips, its three contributions may be
susmed to give the basic vorticity onset flow.

&) _ 9(0) , 31 3 1)
= Tkafea t g + Ny 263D

In performing the above parabolic fit Eq. (2.6.30), the values of the function
B8 to be fit are, of course, the values of bound vorticity on the strips. Each
of these has been associated with an abscissa or "independent variable” that
expresses the spanwise position of each strip. Differences of these abscissas
appear as combinations of the widths " - Calculation of the w is not
obvious, because in general the »span® or width of each strip is not constant
but varies in the "chordwise” direction. An average width js calculated for
each strip and used in the calculation above.

The calculational machinery of the program insures that the underlying dipole
strength varies linearly in arc length along an N-line, j.e. that dipole
strength equals B%, where B is a constant to be determined anc £ is arc

Tength measured from the lower surface trailing edge. In particular, at the
upper surface trailing edge, the dipole strength is BL (total). This is the
circulation about the N-Tine and the value of vorticity that carries into the
wake. The machinery above fits the spanwise distribution of dipole derivative
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B, but it makes better sense physically to fit the circulation distribution BL
(total). This is a smcother function because it is independent of planform

breaks.

The code has the option of fitting either B or BL (total). While the above
concept is somewhat complicated to explain, its numerical implementation is
simplicity itself. A1l that is necessary is to divide the vorticity onset
flows associated with each N-line by the corresponding values of L (total).
Ther. tiie values of *B* that are solved for will really be values of BL (total).
Thus in Eq. (2.6.26)

1 (F)
1
Ttota replaces Vik
(2.6.32)
vsz) (S
s :ota replaces V}k)

No other changes are necessary. These are added to produce a single dipole
onset flow per strip and a complete flow solution obtained for it.

2.7 The Kutta Condition

The Kutta condition is applied as a condition of pressure equality on the upper
and Tower surfaces of the trailing edge, which amounts to a condition of equal
velocity magnitude. As a numerical approximation, the Kutta condition may be
applied by equating pressures at the control points of the two panels adjacent
to the trailing edge on the upper and lower surfaces of the wing. Alterna-
tively, velocities at the upper surface control points of the few panels near-
est the trailing edge can be extrapolated to obtain velocity components “at*®
the trailing-edge upper surface, and the same could be done for the lower
surface. This last allows application of the Kutta condition more nearly at
the trailing edge, and the analogy of this procedure yields considerable
improvement in accuracy in two-dimensional cases. This is the option used in
the present method.
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However the point of application of the Kutta condition is chosen, the logic
of the calculation is the same. In particular, a velocity vector can be calc-
ulated at the upper and at the lower trailing-edge point for each strip of
panels (Fig. 1). From the discussion of Sections 2.5 and 2.6.5 it is clear
that the velocity vector at the i-th control point is given by

g + 1, (2.7.1)
where V. is the onset flow (usually a uniform stream). Initially, the 7j and
B, are unknown, but it can be seen that ¥, depends on them Tinearly. If
velocities are extrapolated to the trailing edge, this 1inear dependence
remains. Let superscripts U and L denote velocities at the upper and lower
trailing edge, respectively. Further let subscript m =1, 2, ..., L denote

conditions on the m-th 1ifting strip of panels. Thus v4Y) and VL) are

the velocity vectors at the upper and lower trailing edge, respectively, of the
m-th 1ifting strip. The condition that these two velocity vectors have equal
magnitudes may be written in terms of dot products as

) 40 L L), _ (L) L g W) i)
LARNL ALY 1= 9 + 78t (2.7.2)

Applying Eq. (2.7.2) at the trailing edge of each 1ifting strip ylelds L quad-
ratic equations in the (N + L) unknowns o5 and B, .

2.8 Iterative Matrix Solution

The velocity induced at the i-th control point by the source and vortex
singularities is given in Eq. (2.7.1). Taking the scalar products of these
velocity vectors with the unit normal vector Ei of each control point gives

an N x N matrix of source influence coefficients and an N x L matrix of vortex
influence coefficients defining the normal-velocity influence of each element-
ary singularity distribution at every control point. If we define the solution
vector X whose entries are the source strengths Ojs (j = 1, N) followed by

the vortex strengths B, (k = 1, L), the condition of zero normal velocity

on the body can be written in the form
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AX =R (2.8.1)

where A is the N x (N+L) matrix of source and vortex normal velocity influence
coefficients, and the right side in Eq. (2.8.1) is the negative of the normal
component of the freestream velocity. It is important to note that A is purely
geometric and does not depend on the onset flow, which enters only the right
side.

Equation (2.8.1) defines a system of N linear equations in the (N+L) unknown
singularity strengths. A further set of L equations therefore are required to
complete the formulation of the problem. These equations are provided by the
Kutta condition, whose derivation is outlined in the previous section. This
condition ensures that the computed upper and lower surface pressures match at
she trailing edge. The resulting equation, (2.7.2), can be written in the form

@ _ith v -0 (2.8.2)

where T1Y) and 7] are the upper and Tower surface trailing edge velocities
while Va' is the average of these two velocities.

One Kutta condition is applied for each lifting strip, giving a set of N linear
and L nonlinear equations to be solved for the N+L unknowns. For complex con-
figurations, N can be large, up to 2000 in the current version of the code,
while L is typically between one and two orders of magnitude Tess.

The computing time required for the solution of the linear equations by a
direct solution is proportiona) to N3, while that required for an iterative
matrix solution is proportional to Nz per iteration. Therefore, provided

that the number of iteratioms required to obtain a converged solutions is rel-
atively small (compared with the nusber of unknowns), there is a large benefit
to be obtained through the use of an jterative matrix solution. The scheme
adopted here is an accelerated block Gauss-Siedel jterative procedure which has
been shown to give rapidly convergent solutions for a wide range of geometries
(Ref. 8). This section will outline the details of this jterative scheme, and
Appendix M will present the details of the acceleration scheme which has been
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adopted in order to improve the speed and the stability of the convergence
procedure.

As pointed out above, the Kutta condition to be applied is nonlinear, and so
it must be linearized in some manner consistent with the iterative solution

procedure which is to be applied. If we introduce the subscript K to denote
quantities evaluated after the K-th iteration, Eq. (2.8.2) can be written as

LA S MU AR MY (2.8.3)

so that the average velocity from the previous iteration is used. For the
first iteration, V&v is replaced by a vector aiong the local trailing-edge
bisector, which ensures that the physically meaningful root to the Kutta con-
dition is selected in which both the upper and lower surface velocities leave

the body at the trailing edge.

2.8.1 Block Gauss-Siedel Iterative Scheme

It was shown by Hess (Ref. 9) that the Gauss-Siedel iterative matrix solution
scheme converges very rapidly for simple external flow problems. This
approach, which is described by Varga (Ref. 10), relies on solving a succes-
sion of lower trianqular matrix equations of the form

R Xy = R~ AXe s (2.8.4)
where Xy is the K-th approximation to the solution. The matrix A, represents
the diagonal and lower triangular part of A, while Au represents the upper
triangular part.

For lifting flow problems there is a strong coupling between the source and
dipole strengths for a given lifting strip. Therefore, in order to maintain
the diagonal dominance of the matrix, it is necessary to adopt a block Gauss-
Siedel scheme. The particular approach used here takes the source strengths and
the associated dipole strength for each lifting strip as separate blocks in the
solution vector. In this way the normal velocity conditions for a given Tift-
ing strip are satisfied simultaneously along with the Kutta condition before
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proceeding with the solution for the next block. This is not the only way in
which the block structure could be implemented. Reference 11, for instance,
groups all of the dipole unknowns together as a single block in the matrix.
However, for the nonlinear Kutta condition, the approach adopted here is more
convenient. For nonlifting sections of a configuration, the choice of the
block structure is less crucial. As the block size for such panels is
increased, the computational effort is increased but the rate of convergence

is also increased. The 'i1se of a block size of 50 has been found to give a good
compromise.

This iterative scheme is equivalent to solving a series of quasi-two-
dimensional problems corresponding to each block in the matrix. The onset
flow for each of these calculations includes the current effects of all the
other panels on the body. Therefore, as the solution converges, a fully
consistent three-dimensiomal solution is obtained.

The iterative solution procedure can be broken down into two steps, the first
of which involves the calculation of the right-hand side of Eq. (2.8.4) based
on the previous solution,

RHSK_] =R - AuxK-l (2.8.5)
The second step is the calculation of the new approximation
ALXK = RHSK_] (2.8.6)

Each of these steps is performed successively for each block of unknown source
strengths, each of which involves the direct solution of a small set of simul-
taneous equations. In addition, for 1ifting strips, the dipole strength is
computed by satisfying the Kutta condition for that particular strip.

At this stage, it should be pointed out that, for large matrix equations, the
whole coefficient matrix A cannot be stored in the computer memory at one time.
The order in which the matrix is formed and stored on disc will therefore
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influence the way in which the matrix solution scheme is formulated. In gen-
eral, the Gauss-Siedel iteration scheme is more naturally suited to 2 matrix
which is stored by rows. However, when formulated, as outlined in Eqs. (2.8.5)
and (2.8.6), the scheme can be applied to matrices stored either by rows or by
columns. The matrix multiplication operations involved in both Egs. (2.8.5)
and (2.8.6) can be accomplished for either row or column stored matrices. The
only difference arises from the order in which the multiplication loops are

nested.
2.8.2 Convergence Acceleration Scheme

The previous section describes the implementation of the block Gauss-Siedel
jteration scheme in 2 three-dimensional panel method calculation. For many
external flow problems, such as the flow past wing-body configurations, this
procedure converges very rapidly and significant savings in computer time can
be achieved for large panel msbers by comparison with a direct mtrix solu-
tion. However, for more compl icated configurations, such as three-dimensional
high-1ift systems or wing/pylon/nacelle configurations, the convergence of this
scheme becomes worse, and in some cases it can fail to converge entirely.
Traditional convergence acceleration techniques are based on the extrapolation
of the solution making use of the asymptotic convergence rate. Reference 12
gives 3 Jiscussion of several jterative schemes, recommending a composite
method which combines overrelaxation to accelerate the convergence and under-
relaxation to damp out any oscillations in the convergence history. However,
for complex configurations, different sections of the matrix will, in general,
converge at different rates which makes the use of global convergence factors
unsuitable. A new convergence acceleration scheme has therefore been developed
which can be applied after each iteration without the need to establish asymp-
totic convergence rates. This scheme has been found to give improved converg-
ence in all the cases considered while also enabling converged solutions to be
obtained for cases which are well outside the normal range of convergence of
the basic Gauss-Siedel jterative scheme.
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The scheme adopted is a relaxation method in which, after each jteration, an
improved solution is defined as a linear combination of the earlier approxima-
tions. However, the relaxation coefficients are computed after each iteration
in such a way that the residual error of the new approximation is minimized.

To implement the scheme described in the previous paragraph, it is necessary
to define the residual vector after each jteration. For the linear normal
velocity equations, this residual is defined by

RESK =R - AxK (2.8.7)
It is clearly undesirable to have to evaluate this expression after each iter-
ation since this would involve (Nz) operations which is equivalent to an
additional iteration. However, by separating the matrix A into its triangular
parts, and applying Egs. (2.8.5) and (2.8.6), the residual vector is given by

RES) = RHSy - RHSy_| (2.8.8)

and this expression can be easily evaluated at the end of each iteration. The
residual for the Kutta conditions can be evaluated by computing the trailing-
edge velocities after each iteration. Substitution in Eq. (2.8.3) then gives a
value for the Kutta residual for each unknown dipole strength.

sicauid PR 11

Apart from the calculation of the residual vectdr, defined by Eq. (2.8.7), the
convergence acceleration scheme presented here does not depend in any way on
the details of the Gauss-Siedel iteration. The schemes are applied as two
independent steps of the overall iterative procedure. In the following outline
we will define RESK to be the residual vector, including both the normal
velocity and the Kutta condition residuals after the K-th iteration correspond-
ing to the solution vector XK, which also includes both the source and the

dipole unknowns.

H

(H

Given a set of approximations to the solution, Xo, X], cess XK’ we can
define a new approximatic~ by

ety A

pepen
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K
X' = | Xifj (2.8.9)
i=0

where f Fis oo fk are the acceleration coefficients which are yet to

be determ1ned. In general, the first approximation, X 0 which is the start-
ing solution to the iterative procedure, is taken to be the zero vector.
Therefore, Eq. (2.8.9) defines a set of K independent approximations to the
solution vector, and so it is convenient to constrain the acceleration
coefficients so that

K
[ f4 =1 (2.8.10)
i=0

It now follows from Eq. (2.8.7) that the new residual vector is given by

K
RES* = RESf (2.8.11)
I

1t should be noted that, while this equation is exact for the normal velocity
residuals which satisfy a linear equation, it is only approximste for the
nonlinear Kutta residuals. However, this approxilntién is consistent with the
linearization applied in the solution of the Kutta condition, and it is a good
approximation for this application.

As the zoefficients f, vary, Eq. (2.8.9) defines a family of approximations

to the solution of both Eqs. (2.8.1) and (2.8.2) for which the corresponding
residual is given by Eq. (2.8.11). In order to minimize the error for this new
solution, a single scalar measure of the error is required. The sum of the
squares of the components of the residual vector provides a suitable error
measure. In matrix notation this quantity can be evaluated in terms of the
norm of the residual vector which is defined by

I1Res* |12 = [RES*1TRES  (2sa2)

vhere [RES']T is the matrix transpose of RES'.
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This equation defines a quadratic function of each of the variables fi'
Since this function is non-negative, it follows that its minimum value must
occur at the point at which

3l IREs*[1%/af; = 0 for i =0, 1, ..., K-T (2.8.13)

This provides a set of K linear equations which, *ogether with Eq. (2.8.10),
can be used to determine the acceleration coefficients completely.

Full details of the derivation of this set of equations and their solution are
given in Appendix M.

This acceleration scheme involves two principal computational tasks. The first
is the calculation of the acceleration coefficients, which in turn involves the
calculation of the scalar products between every pair of residual vectors. The
second is the application of these coefficients to the calculation of an
improved solution and its corresponding residual vector. Both of these tasks
will involve on the order of (KN) operations while each iteration requires ¥
operations. Therefore, since K, the number of previous solutions, i- very
much Tess than N, the additional computation introduced by the acceleration
scheme is small. However, it has been found to have a significant effect on
the rate of convergence of the scheme, while also giving an improved stability
enabling converged solutions to be obtained for cases which are well outside
the normal range of convergence of the basic Gauss-Siedel iterative scheme.
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3.0 THE INLET PROCEDURE

3.1 General Descripticy

The iniet procedure employs the above-described panel method to calculate
fundamental flow solutions for the inlet which are then Tinearly combined to
obtain the flow at any desired operating condition. Specifically, solutions
may be obtained for any angle of attack or yaw, Mach number, and mass flow
rate. The computational effort required to perform the combination for a par-
ticular operating condition is a small fraction of that required for the init-
ial calculation of the fundamental solutions. Thus, solutions for any number
of operating conditions may be obtained inexpensively, as needed, at any time
after the fundamental solutions have been calculated.

The numerical efficiency of this inlet procedure is realized because the funda-
mental solutions are obtained for incompressible flow, and then combined and
corrected for compressibility effects. A key element in this approach is an
accurate and general compressibility correction that may be applied to the
incompressible flow about the same inlet, as opposed to the standard Goethert
procedure which requires a Mach-number-dependent stretched version of the
inlet. The compress ibility correction used is the Lieblein and Stockman
method, Ref. 13, which is described in Appendix N. This procedure has been
well verified by comparison with experimental data, Refs. 13-15. For internal
flows it is effective even for supersonic flow without shocks, and it has been
generalized to external flow about wings, Ref. 16.

From the beginning (Ref. 1) this work has had two principal aims: computa-
tional efficiency for arbitrary geometries, which is discussed above, and user
orientation, which has been obtained principally by including a number of
graphical output features. The main capabilities of the programs of Refs. 1
and 2 are surface streamline tracing and isoplotting of various flow quantities
both on the surface and over cross sections. Both of these have been improved
by providing the capability of drawing curves across section boundaries. That
is, the panels may be grouped into logically independent but physically contig-
uous sections or networks, and the plotting routine can draw streamlines or
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jsocurves across these boundaries. A major new graphical feature is the por-
trayal of the surface or of f-body velocity field by means of 2 set of vectors

having the velocity magnitude and direction at all points. This type of
picture has proven very useful in applications.

3.2 The Fundamental Flow Solutions

First, the definition of a flow solution must be described. In the present
context these are incompressible flows. Every flow solution corresponds to a
certain "onset flow" which is the £low incident to the body. In general the
onset flow satisfies neither the normal-velocity boundary conditions nor the
Xutta conditions. The source densities o and the dipole derivatives B,

(bound vorticity strengths) are adjusted to satisfy these conditions. The most
common onset flow is a uniform stream, but as will be seen, other onset flows

are also necessary. For this reason, the onset flow vector at the panel con-
trol points is written Vbi to show that it may vary from point to point. Then
the velocity at the i-th control point is
N L

s (k)

Vo= 1 Vijoj+k§1 V.8, + V. (3.2.1)
This replaces Eq. (2.7.1), and the method of Section 2.7 and Section 2.8 give
the values of a5 and Bk corresponding to that particular onset flow.

When these values are inserted into Eq. (3.2.1) and the indicated summat ions
performed, the resulting 2t of Vi is designated a flow solution.

The set of fundamental flow solutions that are superposed by the combination
program to obtain flow about the inlet at arbitrarily prescribed operating
conditions may be described most easily in terms of two types of flow. The
first is flow about the inlet due to a unit frees.ream at prescribed angie of
attack and yaw with no effort to control mass flow through the inlet. In the
nonlifting methods of Refs. 1 and 2, there were always three such flows: zero
angle of attack and yaw, 90° angle of attack, and 90° angle of yaw. In lifting
cases, however, the latter two flows make no sense. If the inlet has a
leading-edge slat, for some circumferential locations, the trailing edge is
the upstream point of the airfoil section. The result can be nonconvergence
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of the iterative solution. In the present program a number of angle-of-attack/
yaw combinations are input by the user. It is preferable to choose these com-
binations in the range where the user's interest ultimately will lie. The
other type of solution is the static, for which the inlet ingests fluid and the
flow is quiescent at infinity. The inlet methods of Refs. 1 and 2 use differ-
ent mathematical devices to produce the static solution. Reference 1 uses a
constant vorticity distribution over the inlet surface, as illustrated in Fig.
7a. This has some features in common with the surface vorticity used on the
slats to generate lift, but is also has several differences. No Kutta condi-
tion is applied on the inlet, and no distributio: of vorticity is solved for.
Instead a single parameter, total vorticity strength, is adjusted to satisfy a
single condition, mass flow through the inlet. If auxiliary inlets are pres-
ent, the topology of the configuration does not permit use of surface vortic-
ity. Accordingly, in the method of Ref. 2, the mechanism of the static solu-
tion is a single ring vortex located well downstream in the inlet, as shown in
Fig. 7b. The strip vorticity option of Fig. 7a gives a superior static solu-
tion, and it is used in all cases except for the infrequently occurring one
where an auxiliary inlet is present. In the very infrequent case where there
are two independent mass flow rates, e.g. an *inlet within an inlet,” the above
mechanisms have to be applied to each inlet separately.

Because of the wide variety of cases to which the present method may be
applied, some flexibility is necessary in the choice of fundamental flow solu-
tions. For example, while the static solution has a sensible Kutta condition
for an inlet with leading-edge slat, the same probably cannot be said for an
inlet on a wing, where the static flow near the wing trailing edge is more-or-
less parallel to it. Similarly, the high inclination angles at which a slatted
inlet can operate at high mess flow rates lead 1o the above-described diffi-
culty for 90° if no mass flow control is exercised. Thus, in general the
fundamental flow solutions should all contain combinations of an inclined
freestream and a static condition. This is perfectiy permissible as long as
the flow solutions contain all the independent possibilities, e.g. at least
two angles of attack, yaw, and mass flow rate.
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3.3 The Combination Program

The fundamental flow solutions and the body geometry are accessed by the com-
bination program. At this stage also are input any off-body points and inlet
cross-sections where the flow output is desired. A cross section is a panel
network extending across the interior of the inlet. Flow quantities are com-
puted at panel centers and a total mass flux for the cross section as a whole
is evaluated. One cross section is designated the control station, and it is
there that the mass flow condition is applied. In preparation for this, the
average velocity at the control station V is computed for each fundamental
solution.

The flow condition input to the combination program consists of flow conditions
at infinity and at the control station. The various possibilities are pre-
sented in Appendix 0. The key quantity in the combination is the equivak.mt
incompressible velocity, which is denoted with a prime. In particular, V_ is
the equivalent incompressible freestream velocity (Eq. (0.13)) and V; is the
equivalent incompressible average velocity at the control station (Eq. (0.20)).
In all cases V' equals V multiplied by the Tocal static-to-total density ratio,
and the flow direction is unchanged.

In order to compute the combined flow for a given set of flow conditions, a
number of the fundamental flows are combined linearly. In general, three lin-
early independent fundamental flows are required to satisfy the conditions at
infinity while an additional static solution solution is required for each
independent mass-flow condition. However, for flows without yaw, the number

of fundamental flows required is reduced by one. 1In the fundamental solution
mode, a number of user-specified fundamental solutions are obtained including
at least one yaw solution if combined solutions with yaw will be required. The
range of angles of attack and yaw specified should preferably span the complete
range of com:ined solutions which will be required. When the combination pro-
gram is run, the code will automatically select the closest linearly independ-
ent solutions to be used for the combination. This procedure is required by
the nonlinearity in the potential flow solution which is introduced by the
Kutta condition.
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To illustrate the combination procedure, consider the case in which four
fundamental solutions have been selected by the code. Let these individual

solutions be denoted by the superscript m, and let a, represent the unknown

combination constants. The equivalent incompressible velocity for the combined
flow is

4
Vi § ayi™ (3.3.1)

1 m=1 m1

where the combination constants a, are initially unknwn. Meeting the pre-
scribed flow conditions at infinity and at the control station requires

4
(m) _ 3,

,,E] a.Vm =V

. (3.3.2)
m o

.21 a-V( =V

This defines four equations (ome vector, ome scalar) for the four urknown ag.
Once computed they are inserted in Eq. (3.3.1) to obtain V., which is used
in the compressibility correction (Appendix N).
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4.0 CALCULATED RESWLTS

The method described here will be illustrated using three separate geometrical
configurations. The first two cases represent complex three-dimensional flows
involving inlets with lifting slats on the leading edge of the cowl. The third
configuration is a simple nonlifting axisymmetric inlet which illustrates some
improvement in the computed results, as compared with the nonlifting method
presented in Ref. 2.

The first geometry discussed is an axisymmetric inlet with a centerbody and
leading-edge slat shown in Fig. 9. The cross-section shown in Fig. 9b illus-
trates the relationship of the leading-edge slat to the cowl. The ability of
colored shaded graphics to portray complex three-dimensional bodies is illus-
trated in Figs. 9c and 9d. Figure 10 shows a comparison of the current method
with the axisymmetric method of Ref. 18 for a combined flow along the axis of
the inlet with an average velocity on the fan face, x = 2.63, of twice the
freestream. A surface vorticity distribution on the cowl was used to generate
the static solution in both the axisymmetric and the three-dimensional calcu-
lations. The pressure distributions on the cowl and the centerbody, shown in
Fig. 10a, agree very closely while Fig. 10b shows that on the slat there is a
small difference in the leading-edge pressure peak when compared with the
axisymmetric result.

The remaining results For this configuration are presented for three incompres-
sible flow conditions. The first is a pure static flow with no flow at infin-
ity, and the second is a "pure freestream® solution at zero angles of attack
and yaw, with no surtface vorticity on the cowl. The third solution is a com-
bined flow at 40° angle of attack, zero yaw and an average fan face velocity
twice the freestream velocity. Figures 11-13 illustrate the flowfield across
the inlet for these three flow conditions, the vectors drawn being proportional
to the local flow velocity. The flowfield velocity vectors are computed in the
plane through the inlet axis tilted 15° from the center plane of the inlet.

The boundary lines shown on these figures represent the boundaries of the off-
body flowfield rakes used to compute the flowfield rather than the exact
aerodmamic surfaces. For clarity, the approximate body locations are shaded.
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The static case shown in Fig. 11 illustrates the rapid decrease in velocity
magnitude ahead of the inlet, while the expanded view of the slat region
reveals a local flow environment similar to that of a conventional flap with
the upstream stagnation point occurring in the vicinity of the slat leading
edge. The axisymmetric freestream condition shown in Fig. 12 gives a more
unconventional flowfield. In this case the “upstream® attachment line on the
slat occurs on the forward-facing surface of the slat closer to the trailing
edge than the leading edge, while the attachment line on the cowl occurs vir-
tually under the leading edge of the slat. Figure 13 illustrates a combined
flow in which the freestream is at 40° to the inlet axis while the internal
velocity is twice the freestream. In this case the flow ahead of the inlet and
on the centerbody is very different than that shown 4n Fig. 12. However, in
the vicinity of the slat, the flowfield is qualitatively the same.

Figures 14-16 preseat the computed flowfield isobars for the same three flow
conditions in the same off-body plane. Figure 14 again shows the conventional
nature of the slat flowfield in the static case with the rapid pressure varia-
tion occurring as the flow goes around the inner 1ip of the cowl. On the
other hand, Figs. 15 and 16 show the extreme pressure gradients occurring on
the slat where the flow turns around the leading edge.

The second configuration considered is essentially the previous configuration
but further complicated by the addition of another Jeading-edge slat, this time
only a part-circumference slat, however. A section through the lower half of
the configuration is shown in Fig. 17. Results are presented for this config-
uration at a combined solution of zero yaw, 40° angle of attack and fan face

velocity of twice freestream.

Figure 18 compares the computed pressure distribution, plotted against radial
distance, on the main slat at three different circumferential locations with
the corresponding results computed for the single slat configuration. Near the
top of the inlet the presence of the auxiliary slat does not have a large
effect on the pressure. However, jn the z = O plane there is a significant
reduction in the leading-edge pressure peak, while close to the bottom of the
jnlet the second slat greatly reduces both the leading and trailing edge
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pressure peaks on the main slat. Figure 19 shows the surface velocity distri-
bution on both the inner and outer cowl surfaces for the same flow conditions.
It can be seen from Fig. 19b that the nonaxial nature of the flow persists
throughout even the interior of the inlet. This is presumably due to the
presence of the ingested tip vortices trailing from each end of the part-
circumferential slat which will induce some swirl into the internal flow.

The third configuration considered is a simple 72-panel (on tk- -half-body")
round inlet, as shown in Fig. 20. This simple geometry was used to demonstrate
the improvement gained in the new source derivative fitting algorithm in use
in the present code. Figures 21a and b present the variation in peak Cp versus
theta (measured circumferentially), and the variation in Cp versus axial dis-
tance at a fixed theta value (0 = 75°), respectively. The results are com-
pared with those obtained by the method described in Ref. 2 in which a "least-
squares® fitting procedure was used to compute the source derivative effects.
The present approach, described in Section 2.5.1, demonstrates the improved
Tevel of axisymmetry which is obtained by the new formslation.
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5.0 INPUT INSTRUCTIONS FOR THE HIGHER-ORDER POTENTIAL FLOW PROGRAM (DF12)

5.1 Introduction to the System

The computer code is actually a collection of pre- and post-processing programs
grouped around the potential-flow program. It can be thought of as a system
of programs designed to "talk" to each other via saved datasets. These pro-
grams are:

1. PRE-PROCESSOR: parametric cubics patch fitting of 3-D coordinate data.
2. FUNDAMENTAL POTENTIAL FLOW SOLVER: (DF12: Mode 1).

3. COMBIMATION OF FUMDAMENTAL FLOMS (DF12: Mode 2).

&. POST-PROCESSOR: ISOPLOT - plots iso-contowrs (om- or off-body).

5. POST-PROCESSOR: VECPLOT - plots velocity vectors (on- or off-body) .

6. POST-PROCESSOR: TRACE-ON - calculates streamlines (on-body only).
Operation of these codes is facilitated by a set of interactive "submit CLISTS”
and associated FORTRAN programs. A single CLIST controls the operation of
programs 1, 2 and 3; separate CLISTS exist for each of programs 4, 5 and 6.
While all these CLISTS have been designed for an IBM mainframe running TSO in
an MVS/XA eavironment, similar interactive submittal procedures can easily be
written for other systems to accomplish the same purpose, viz. simplify the

user's job of running cases and enhance his ability to investigate both the
quality and significance of the computed results.

5.2 Discussion of the Individual Programs

Since several of the programs can "commnicate® with each other via saved data-
sets, a great deal of flexibility exists concerning the sequence in which the
programs may be executed. For example, Program 1 can talk to either Programs
2 or 3, but is not always required to run Programs 2 or 3. Programs 4, Sand 6
can talk to Programs 2 or 3, but only if the appropriate dataset from 2or3d
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was saved. To understand the possible interactions between programs, it is
best to consider each one separately, first.

5.2.1 The PRE-PROCESSOR: PC-PATCH

This program is designed to take a user-defined set of 3-D Cartesian coord-
inates and fit a set of parametric bi-cubic patches to the implied surface.
The input consists of a formatted “card-image" (i.e. 80-column, fixed block)
dataset which contains the corner points of panels distributed on the surface
of the body about which the flow is to be calculated (see Appendix P). The
format of this data is:

cc1-10 X
cc 11-20 Y Cartesian coordinates
cc 21-30 7

cc 31 ISTAT 0 = this point is on the same K-line as previous point
1 = this point starts a new N-line
2 = this point starts a new section

cc 32 LABEL 0 = this is an NLIF (nonlifting) section
1 = this s a LIFT (1ifting) section (i.e. has Kutta
condition)

(Note: all LIFT sections, 1f any, must precede all
other section types.)

2 = this is a WAKE section (all WAKE sections, if any,
must come last on the input geometry dataset, after
all other TABEL=0,1,3 and 4 sections)

3 = this is a DBLT (doublet) section

4 = this is a SRFY (surface vorticity) section
(Note: may not use both DBLT and SRFV sections at
the same time in a Mode 1 case.)

5 = this is a FLUX section (allowed as input to Mode 2
cases only)

cc 33 MCURY 0= autm{.;c M-line curvature selection (curved unless
LABEL =
1 = M-lines are all curved (even if LABEL=1)

Note that LABEL and MCURY only apply to ISTAT=2 points, i.e. they need be
entered only once on a section. (For a discussion of the Timits on the numbers
of points, panels, etc., see Section 6.2.4, Program Limits.)

These panel coordinate data are "fit” with parametric cubic patches (see
Appendix B) and written to an output dataset hereafter referred to as a *"PCU"-
dataset (Parametric Cubics Unformatted). The PCU dataset serves as a true
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surface definition for the higher-order potential-flow solver, but it is not
required that the pre-processor supplied with this system be used to generate
that PCU-dataset: any "PC*-fitting progrza may be used, as long as the follow-
ing PCU-"format® is observed:

Record #1: 1FORM A single integer (use "1*) specifying the PCU-
format
Record #2: NSECT Number of SECTIONS (see Section 2.3) of data
NPATT Total number of patches on the entire dataset

NTYPE(6) 6 integers indicating the number of each type of
SECTION in the following order: #NLIF, #LIFT,
JWAKE, #DBLT, #SRFV, #FLUX

HEAD(9) g-word (4 bytes/word) alphanumeric title
NSECT sets:
Record #3: ISECT Running SECTION counter
NPAT Number of PC-patches on this section (=NU x NV)
1 mber of patches in the "N-line® direction

wy Number of patches in the *M-1ine® direction
HEAD(15) 15-word (4 bytes/word) alphanumeric section title

Record #4: TMAT(12) 12 double-precision word (8 bytes/word) trans-
formstion matrix (not presently used)

Record #5: P(48) 48 double-precision word (8 bytes/word)
. pC-patch coefficients in GEOMETRIC form;
. repeated for all NPAT patches on this
SECTION

Record #(44NPAT)

Note that the PRE-PROCZSSOR program way be used to generate the PCU input data-
set for both the on-body data (used in Mode 1, described below) and the flux-
section data (optionally used in Mode 2, also described below). The PCU data-

set created by this PRE-PROCESSOR is relatively inexpensive to create and is
therefore normally discarded by the potentfal flow solver. This is true unless
the potential flow solution js being saved for a Mode 2 case; in the latter
situation, the PCU dataset is copied into the saved fundamental solution data-
set created by Mode 1 to ensure that Mode 2 is operating on a consistent geom-
etry base.

5.2.2 DF12, Mode 1: FUNDAMENTAL POTENTIAL FLOMW SOLVER

This program forms the heart of the system in that the fundamental flows are
generally the most complex and expensive part of the solution and form the
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- basis from which any combined solutions are obtained. The input to this pro-
gram consists of a PCU-dataset (described above, in Section 5.2.1) on unit 1,
and a formatted card-image dataset which contains some simple control flags on
unit 5. The format of the control flags dataset is:

Record #1:
cc 1-72
cc 73

TITLE(I), 1=1,18 Alphanumeric run description
MODE A single integer indicating the mode (1)

Remaining records (as needed) in NAMELIST/Z/ format:

AREF
BOV2
CREF
ORIGIN(3)
TAUTON

1COMBO

IDEBUG

IFUNDP
! IPCV
I} IPR132
EE 1PV

IQWIK

3495H

Reference area (use semi-area if NSYM=1) (default: 1.0)
Reference semispan (default: 1.0)

Reference chord length (default: 1.0)

Moment reference center (X,Y, and Z; default: 0.,0.,0.)

0 = user-input wake

1 = automatic traflin bisectors
2 = automtic parallel to x-axis
(default: 1)

0 = do not save data for a possible Mode 2 combination case
1 = yes, save data
(default: 0)

0 = print standard set of input flags

1 = print expanded set of input flags (for debugging purposes)
(default: 0)

0 = no fundamental solutfon printout

1 = minimum fundamental solution printout
2 = full fundamental solution printout
(default: 2)

0 = constant chordwise vorticity distribution
1 = parabolic chordwise vorticity distribution
(default: 0)

0 = small print size (164 columns, 89 Tines per page)
1 = large print size (132 columns, 60 lines per page)
(default: 0)

= do not save P/V (pressure/velocity) dataset

= save P/V dataset for possible use by ISOPLOT, VECPLOT
and/or TRACE-ON

(default: 0)

0
1

0 = do not save "QWIKPLOT"-type output dataset
1 = save "(MIKPLOT" dataset (see below)
(default: 0)
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QWIKPLOT output dataset is similar to a P/V dataset in that the data is com-
pacted into unformatted (binary) form. ISOPLOT, VECPLOT, and TRACE-ON all
require a P/V dataset to execute; the QWIKPLOT dataset is organized around the
concept of "strings"™ of data, where every record was created in the form:
WRITE(IUNIT)VNAME,N, (Q{I),1=1,N), where VNAME is a double precision alphanu-
meric string identifier (8 bytes) and Q(I) is the string of data. An inhouv-e
plotting program (called, not surprisingly, *QWIKPLOT") was written to read

QWIKPLOT datasets allowing rapid and easy comparisons of results of many CFD
codes, and/or test data.

LO 0 = higher-order solution
1 = lower-order simulation
(default: 0)

NSYM no symmetry
symmetric about Y=0 plane

(default: 1)

-t O

ALPHA Freestream angle-of-attack, degrees (no default; may have up
to 20 values)

BETA Freestream angle-of-yaw (default: 0; must have a value for
each ALPHA value specified)
(Varning: Canmnot use nonzero BETA if NSYM=l.)

IEXTRA Strip nusbers of “extra-strips® (see Section 2.6.4), if any;
these count consecutive strips of LIFT sections only, which,
as mentioned earlier, if present, must be the first sections
of the input geometry dataset.

The 72-panel, simple round inlet half-body, drawn with its image in Fig. 20,
is supplied along with the program source code as a check case. The coordi-
nates for this case are shown in Fig. 22. A sample execution of the inter-
active submit program for a Mode 1 execution of this check case is shown in
Fig. 23. If the submit program is not used, an input dataset of the form
shown in Fig. 24(a) must be created by the user. The JCL produced by the
submit program to execute this Mode 1 check case is shown in Fig. 24(b).

The output from the MODE 1 execution of this test case is shown in Fig. 25.
It is basically self-explanatory with the following exceptions:

P,Q,R the curvature quantities as used in the paraboloidal panel
definition: ¢ = PE2 + 2Qn + Rn?

SIGMA the source density value at the control point of the panel
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VN the net normal velocity on a panel
Al the total velocity magnitude: vy = /{; + Vg + Vg
cp the pressure coefficient:

INCOMPRESSIBLE: Cp = 1 - (Vy/Vpef)2
COMPRESSIBLE: Cp = (p - Pref)/Qref

CL the "Tift coefficient": L/qAref

cD the “drag coefficient": D/qAref

oF P S S A R T

CPITCH the "pitching moment coefficient": My/WArefCref

CROLL the "rolling moment coefficient": Mx/QAretbpef

CYAW the "yawing moment cqefficient': Hz/qA,.efbref

where

Aref the user-input reference area (which should be the *half-
area®” if NSYM=1)

bref the user-input reference span (which should be the semispan if
NSYM=1)

Cref the user-input reference chord Tength

q the dynamic pressure, pVPes/2

Land D measured in the Tift and drag direction

Fys Fy, the forces and moments ( integrated over the W panels,
Fys My, only, i.e. not over image panels created if =1) along
H)Z,, and about the Cartesian axes.

ETA Y/h[ f» Where Y is taken as that of the first control point
on ﬁe strip

ASTRIP projected (into the X-Y plane) planform area of a lifting strip

SECTCL,
SECTCD local strip values of L/qutr'lp and D/qut,--pp

CIRCULTN  the computed circulation value of the Tifting strip used to
satisfy the Kutta condition.

B

ERRE 24
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5.2.3 DF12, Mode 2: COMBINATTON OF FUNDAMENTAL FLOWS

This program permits the user to combine the fundamental flows (from a MODE 1
execution) to obtain desired mass flow values (typically within an inlet). The
combination constants required to obtain the user-defined mass flow values are
obtained automatically by the program when the user supplies a "FLUX" section
at the place where the mass flow rates are specified. The cost of generating
the automatic combination constants varies linearly with the number of panels
the user has on his FLUX-section dataset, and therefore my equal or even
exceed the cost of the Mode 1 solution, although this is typically not the
case. Optionally, the user may simply input these combination constants
himself, and thus define his own combination case (perhaps using cosbination
constants obtained from an earlier Mode 2 run).

Since the fundamental flow solver was designed to handle geometries which con-
tain 1ifting leading-edge devices, such as those shown in Figs. 9 and 17, the
program logic which satisfies the Kutta condition wade it necessary to have the
freestream fundamental flows include some suction effects as part of the stand-
ard set of freestream onset fundamental flows. As a result, in order for the
user to obtain pure freestream onset flows (i.e. without any suction effects),
a CC = -1.0 may be used. Note also that up to 5 suction fundamental flows may
be generated in a Mode 1 case, requiring, therefore, an equal number of flux-
setting and/or CC-values to be specified in Mode 2. Furthermore, the number

of flux-setting conditions specified my not exceed the number of FLUX sections
that are input, although the number of FLUX sections may indeed exceed the
number of suction solutions available from Mode 1; this latter case is the
typical one wherein a number of additional FLUX sections are included in order
to use VECPLOT and/or ISOPLOT to survey the off-body flowfield.

Since the compressibility correction employed by the present program is the
Lieblein-Stockman correction which is an “after-the-fact® type of correction
(unlike, say, the more common Goethert correction which solves a different
potential-flow problem for each freestream Mach number), multiple Mach number
results may be obtained from a single Mode 1 set of fundamental solutions.

Input for Mode 2 consists of the saved fundamental solution dataset frow a
Mode 1 case (created when I1COMBO=1), plus a PCU-dataset containing FLUX sec-

tions (if any), plus a card-image flags dataset, which differs according to
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whether COMPRS=0 or 1. Consider first an incompressible Mode 2 case (i.e.
COMPRS=0):

Record #1:

cc 1-72:

cc 73:

TITLE(I), I=1, 18 Alphanumeric run description

MODE A single integer indicating the mode (2)
(no default)

Remaining records (as needed) in NAMELIST/Y/ format:

COMPRS

I0FF

IPR132

IPY

JPY

IQWIK

NCOMB

3495H

0 = incompressible flow
1 = compressible flow (Lieblein-Stockman correction)
(default = 0)

0 = no off-body points

1 = off-body points input on a separate dataset X,Y,Z 3F10.
(Do not confuse this with FLUX sections which are M x N
grids of points which produce (M-1) x (N-1) panels;
off-body points need have no organization into M x N
grids).

(default = 0)

0 = smll print size (164 colums, 89 Tines per page)

1 = large print size (132 columns, 60 lines per page)
(default = 0)

0 = do not save on-body P/V dataset
1 = save on-body P/V dataset for optional later use by

ISOPLOT, VECPLOT, and/or TRACE-ON
(default = 0)

0 = do not save FLUX-section P/V dataset

1 = save FLUX-section P/V dataset for optional later use by
ISOPLOT, VECPLOT, and/or TRACE-ON

(default = 0)

0 = do not save "QWIKPLOV"-type output dataset
1 = save "(WIKPLOT"-iype output dataset
(default = 0)

(For explanation of format, see Section 5.2.2 on *IQWIK".)
Number of combination cases to be calculated NCOMB values of

ALPHAC, BETAC, VINF, VREF, etc. must be specified.
(<20; default: 1)
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ALPHAC, Requested net "combined™ angles of attack and yaw (in degrees)
to be

BETAC achieved.
(Note: The program automatically selects appropriate combina-
tions of the available fundamental flows; however, the user
cannot request “impossible* combinations, e.g. if all funda-
mental flows were run with BETA=0, then all BETAC values must
also be 0.)
(defaults: ALPHAC has none, BETAC defaults to 0)

VINF Freestream speed (default: 1.0)

VREF Reference speed for Cp calculation. If COMPRS=1; then VREF is
used for the Mach number correction. (default: VINF but, if
VINF=0 also, then VREF is set to 1.)

VC(ICOMB,1) Requested average normal flux velocity, referring to the 1-th
flux-section, for combination solution number 1COMB (of NCOMB) .
(no default; for COMPRS=0, either VC or CC must be input for
each suction fundamental flow generated in Mode 1)

cc(1cmMB,I) Designated combination constant for the I-th SUCTION funda-
mental solution. (default: see ¥C, above)

A sample execution of the interactive TS0 submit program for a MODE 2 incom-
pressible case is shown in Fig. 26. If the submit program is not used, an
input dataset such as that shown in Fig. 27(a) is required to accomplish the
same program execution. The JCL produced by the submit program to execute

this Mode 2 check case is shown in Fig. 27(b).

The output from MODE 2, shown for the 72-panel inlet case in Fig. 28, was
designed to be self-explanatory and differs significantly from that of MODE 1
in only two areas:

1. The page titled "FLOCMB. FLOW COMBINATION MATRIX DATA*® contains the
details of the automatic computation of the combination constants, which
are labeled "CC."

2. For compressible cases (COMPRS=1), an extra column of the local Mach num-
ber, labeled MACH, is also shown on the output sheets.

The input flags for the compressible case (COMPRS=1) differ only slightly from
the incompressible case. In particular, the freestream pressure (total or

static) and freestream temperature (total or static) must be supplied. In
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addition, the user is given the option of specifying either the freestream
speed (VINF) or the freestream Mach nusber (MINF). The number of options for
specifying the flux is expanded to include average flux Mach number (MC) or
average weight flow rate (WC). Finally, the Lieblein-Stockman correction also
makes use of an incompressible reference velocity (VIBAR) which the user may
optionally control.

5.2.4 DF12 Program Limits

The following program 1imits and guidelines must be met by the user for Mode 1:
1. Maximm total # 1s: 2000
(this includes panels, extra-strip panels (if any), etc.)

2. Maximm total # sections: 100
(includes MAKE séctions, etc.)

3. Maximm total # strips: 300
(includes all sections)

4. Maximm § lifting strips: 100
(includes only LIFT and SRFV strips, and "extra® strips (if any))

5. Maximm # DBLT sections: 5 (see also 11 below)

6. Maximum # SRFV sections: 5 (see also 11 below)

7. A1 LIFT sections (if any) must precede all other sections in the input
geometry dataset.

8. A1l WAKE sections (if any) must follow all other sections in the input
geometry dataset.

9. The order of WAKE sections (if any) must coincide with the order of LIFT
sections to which twe WAKE sections correspond.

10. No N-line on any LIFT section may be of zero length.
11. DBLT and SRFY sections may not poth be input at the same time.
12. Nonzero BETA cannot be requested if NSYM=1.

For Mode 2:

13. Only FLUX sections and/or of f-body points may be input (along with the
control flags, of course).

14. Maximum total # FLUX panels plus off-body points: 2000
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15. The maximum total # FLUX sections: 20

16. Total # of (VCMCHWC+CC) conditions specified < (#DBLT + #SRFV) sections
that were input for Mode 1.

17. *Impossible® flow combinations should not be requested, e.g. if Mode 1 was
run with only one angle of attack, then Mode 2 cannot possibly "combine”
the Mode 1 fundamental flows to achieve any other angle of attack except
the one specified in Mode 1.

5.2.5 Post-Processing Program: VECPLOT

Input to the velocity vector plotting program, VECPLOT, consists of: (1) an
unformatted P/V (pressure/velocity) dataset {either on-body or off-body, i.e.
FLUX), and (2) a unit 5 card-image dataset. The sformat® of the P/V dataset
(which is created automatically for on-body results of MODE 1 (1f IPV=1), and
either on-body (if IPY=1) and/or FLUX sections (if JpV=1) for MODE 2) is shown
in Fig. 30.

The unit 5 card image dataset for VECPLOT is in NMMELIST /INPUT/ format:

IDEBUG 0 = (default) normal execution
1 = generate debug print

VREF value used to scale velocities before plotting vectors
(0.0 + draw all vectors with unit Tength)

RYLENG Length of a unit vector in rasters (note that page width, for
example, is always 4000 rasters)

NVIEWS Number of “user-defined” views
(default: NVIEWS=0)

KVIEWS(I) Where KVIEMS define up to 10 "standard-views®
1 = side view

2 = top
3 = bottom
4 = inside

5

6 = rear

7 = lower outside front 45°

8 = upper outside front 45°

9 = Tower outside rear 45°

10 = upper outside rear 45°
If KVIEXS(1)=0, then all 10 views are drawn
(default: KVIEWS(1)=0)
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KSECT Section numbers for which plots will be drawn. Up to 40
sections can be selected. If no values specified, then all
sections will be drawn.

If NVIEWS>0, then NVIEWS additional cards are required:
PSI{I), THET(I), PHI(I) (3Fl0.6)

defining rotation angles (see explanation in TSO submit procedure, Fig. 26)
for each “user-defined” view.

A sample execution of the interactive VECPLOT submit CLIST is shown as part of
the DF12 Mode 2 TSO submit in Fig. 26. The JCL stream that was produced is
shown in Fig. 27(c). A sample output of VECPLOT 1s shown in Fig. 29.

5.2.6 Post-Processing Program: ISOPLOT

Input to the isogram plotting program ISOPLOT, consists of: (1) an unformatted
P/V (pressure/velocity) dataset from MODE 1 or MODE 2, and (2) a mnit 5
card-image dataset containing control flags written in NAMELIST/INPUT/ format:

IDEBUG 0 = (default) normal execution
1 = generate debug print

ISCAL Scale definition used to set Cp minimum and increment values:
ISCAL Cprin ACp
1 -1.0 0.02
2 -3.0 0.05
3 -700 0.]0
4 -15.0 0.20
5 No 1imit MAutomtic
(default: 5)
IPLOTS Plot selection flag:

0 = generate all plots

1 = Cp plots only

2 = delta-star plots only

3 = skin-friction plots only

NVIENS Number of “"user-defined® views (up to 9 views can be

defined)
(default: NVIEWS=0)
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KVIEWS(I) Define up to 10 "standard-views®
1 = side view
2=to
bottom
inside
front
rear
lower outside front 45°
upper outside front 45°
lower outside rear 45°
10 = upper outside rear 45°
If KVIENS(1) = 0, then all 10 views are drawn
(default: KVIEWS(1)=0)

3
4
5
6
7
8
9

KSECT Section numbers for which plots will be drawn. 'u¥ to
40 sections can be selected. If no values specified,
then a1l sections will be drawn.

If NVIENS>0, then NVIENS additional cards are required:
PSI(I), THET(I), PHI(I) (3F10.6)
defining rotation angles for each syser-defined” view.

A sample execution of the interactive ISOPLOT submit CLIST is shown as part of
the DF12 Mode 2 TSO submit in Fig. 26. The JCL stream that was produced is
shown in Fig. 27(d). A sample output of the ISOPLOT program is shown in Fig.
290

5.2.7 Post-Processing Program: TRACE-ON

Unlike VECPLOT and ISOPLOT, this is an interactive (on TSO) surface streamline
calculating program which requires as input a P/V (pressure/velocity) dataset
from MODE 1 or MODE 2 and user responses to the interactive questions. In
using this program, one area which the user must understand is the method of
telling the program where to “start® streamlines. For the purposes of
TRACE-ON, the body surface is assumed to consist of a number of SECTIONS, each
of which consists of an NU by NV grid of data, where NU and NV represent the
number of points along N-lines of data, and M-lines of data, respectively, of
a given SECTION. Note that both MODE 1 and MODE 2 extrapolate the computed
potential flow velocity data to the edges of the input SECTIONS. This means
that there are more data values in the P/V dataset than panels printed on the
MODE 1 and MODE 2 output sheets. For example, say the user inputs a section
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with M “chordwise® points on each of N N-lines (see Fig. 31); the number of
panels produced in the potential flow program is (M-1) x (N-1). But the
number of data points on the P/V dataset is (M+1) x (N+1) since the data is
extrapolated “"chordwise® (i.e. in the N-line direction) at the beginning and
end of the strip of panels, and "spanwise® to the "inboard* and “outboard"
edges of the section. All the data points may therefore be described by
parametric variables in the N-line and M-line direc- tions; these are referred
to, herein, by U and V, respectively. Thus the fist control point of the
potential flow program is called U=2., V=2., (not 1.,1. since 1.,1. would
refer to the corner of the section). The second control point (along the same
strip of panels in the section) would be U=3., V=2., and so on, as shown in
the figure.

A sample execution of the TRACE-ON program is shown in Fig. 32, and a piot of
the calculated streamlines are shown in Fig. 33.
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Figure 7. Two methods for obtaining the static fundamental solution,
(a) surface vorticity, (b) ring vortex.
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Figure 8.
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Figure 9.

(¢) "Faceted” Solid Rendering of Single-Slat Case.
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(d) “Smooth-Shaded* Solid Pendering of Side-View
Single-Slat Case.
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Fioure 1C. Comparison Between Axisymmetric and Three-Dimensional Methods for
Single Slat Inlet. (a) Pressure Distribution on Cowl and Centerhody.
(b) Pressure Distribution on Slat.
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Figure 14. Off-Body Isobars for Inlet with Single Slat. Static Solution.
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Figure 15. Off-Body Isobars for Inlet with Single Slat. Zero Angles of
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Figure 16. O0ff-Body Isobars for Inlet with Single Slat. Combined Solution,
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l Figure 17. Three-Dimen,ional Double Slat Inlet Configuration. (a) Front
5‘ View,

74




A AW

gl

[ 11

7 7/

Figure 17. (b) Rear View of Double Slats.
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Figure 17. (c) Cross-Section Through Lower Half of Inlet.
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Figure 18.

Comparison of Main Sla
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t Pressure Distributions on Single and vouble
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Figure 19. Velocity Vectors for Double Slat Confiquration. 40° Angle of Mttack.
Zero Yaw, Fan Face Velocity Twice Freestrean. (a) On futer Cow!

Surface.

(b) On Inner Cowl

Surface.
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Figure 21. (a) Variation of Peak Cp with Theta (Circumferential Angle)
(for the 72-Panel Round Inlet) for the Old and New Sigma-Fitting
Procedure. (b) Sample Comparison of Chordwise Variations for a
Fixed Theta (6 = 75 Degrees).




4.0790472-0.0000020 1.1999998241 0.1683279 0.9999989 9.000002000
1.9385128-0.0000020 1.199999800 0.4084057 0.9999989 0.000002000
0.9062307-0.0000020 1.199399800 0.9062307 0.9999989 0.000002000
0.4084057-0.0000020 1.199999800 1.9335128 0.9999989 0.000002000
0.1683279-0.0000020 1.199999800 4.0790472 0.9999989 0.000002000
0.0500000-0. 0000020 1.186600700 4.0730472 1.0392303-0.599998010
0.0 -0.0000020 1.099997500 1.9385138 1.0392303-0.599998000
0.0500000-0.0000020 1.013394400 0.9062312 1.0392303-0.599998000
- 0.1683279-0.0000020 0.999998900 0. 4084061 1.0392303-0.5939933000
0. 4084057-0.0000020 0.999983900 0.1683283 1.0392303-0.599998000
0.8062307-0.0000020 0.999998900 0.0500004 1.0276270-0.533299900
1.9385128-0.0000020 0.999998300 0.0 0.9526286-0.549997300
4.0790472-0. 0000020 O.999998900 0.0500004 O.8776278-0.506695700
- 4.0790472 0.5999980 1.038231310 0.1683283 0.8660259-0.499997000
1.9385118 0.5999980 1.039231300 0. 4084057 O.8660259-0. 439397000
0.9062304 0.5999980 1.039231300 0. 3062308 0.8660259-0.499937000
0.4084049 0.5999930 1.039231300 1.9385138 0.8660259-0. 499997300
0.1883269 0.5399%78 1.039230300 4.0730472 0.8660259-0. 489997000
0.0499993C 0.5932995 1.027627000 4.0790472 0.6000010-1.038229410
0.0 0.5439373 0.952628000 1.9305128 0.6000010-1.039229400
0.0499992 0.5086360 U.8778a7 0.9062316 O.6000010-1.038229400
0.1683288 0.4900870 O.8586024900 0. 4084059 0. 6000010-1 . 039229400
0. 4084049 0. 4080870 0. 558024900 0.1853283 0.6000007 -1 . 039228400
0.9082302 0.4009670 0.$86034900 0.0499099 0.5833019-1. 027426000 '
1.9388118 0.4898570 0.306824900 0.8 0. SS00007 -0. 52826500
4.0790672 0.4898970 G.300024800 0.0800000 0.S086988-0. 877625600
4.0790672 1.0362154 0.6000D2010 0.1883284 0.49099908-0. 366024000
1.8388128 1.0362284 0.600002000 0. 4084088 0. 5980088-0. 888024000
8.9082304 1.0382284 0.6000NN2000 0.9082314 O.4900808-0. 306024000
0.4084061 1.0392284 0.600002000 1.9386128 0.4999998-0. 4000
0.1883278 1.0392275 0.800001600 4.0790472 0. 4339%93-0. 866024800
0.0499996 1.0276261 0.583302800 4.0790472 0 © -1.199999810
0.0 0.9526288 0.550001000
0.0S00004 0.8776255 0.508698300
0.1633288 0.9660239 0. 499989800
0.4084064 0.3860240 0.499983300 1.9385128 0.0 -1.199993800
0.8062319 U.3660240 0.499999800 0.90682307 0.0 -1.199993800
1.9386128 0.3660240 0.499999300 0.4084057 0.0 -1.199999800
4.0790472 0.3660240 0.499999300 0.1683279 0.0 -1.198999200
4.0790472 1.1999998 0000002010 0. 0.0 -1.186600700
1.9385128 1.1999998 0.000002000 0.0 0.9 -1.099997500
0.9062307 1.1999998 0.000002000 0.0500000 0.0 -1.013394400
0.4084057 1.1999998 0.000002000 0.1683279 0.0 -0.999398900
0.1633279 1.1999998 0.000002000 0.4084057 0.0 -0. 999998900
0.0500000 1.1866007 O.000002000 0.8062307 0.0 -0. 999998900
0.0 _0999975 0.000002000 1.9385128 0.0 -0. 999938900
0.0500000 1.0133944 O0.000002000 4.0790472 0.0 -0. 998998300

Figure 22. Coordinates used for the 72-panel simple inlet check case.
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Figure 23. TSO submittal of DF12, Mode 1, for the 72-panel inlet check case.
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H31HGO27F: 72-PANEL SIMPLE INLET FLAGGED AS “SRFV" SECTION. 1
&7 1COMBO=1, IPR132=1, ALPHA=0,10 &END

Figure 24(a). Alternative input dataset for DF12, Mode 1, for the 72-panel
simple inlet check case.

/7%

s7% PC-PATCH FITTING FOR: H31HGO27F

s7%

77PCPATCH EXEC PGM=H31K,PARM='1,0,0',REGION=1000K
/7STEPLIB DD DSN=TSOT3DF.C!F.LOAD,DISP=SHR

//7ET01F001 DD DSN=TSOT3DF.TEIPGEOH.D030985.7092117,

/77 DISP=(OLD,DELETE)

7/7FT86F001 DD SYSOUT=A

/7FT11F001 DD UNIT=SYSDA,SPACE=(TRK.(30,10)),

77/ DCB=(RECFM=VBS ,BLKSIZE=19069)

//FT12F001 DD UNIT=SYSDA,SPACE=(TRK, (30,10)),DISP=(NEN,PASS),
7/ DCB=(RECFM=VBS ,BLKSIZE=19€69)

E 7%

i ¢ Vo4 ]

i VT4 ]

# /7% 3-D HIGHER-CRDER LIFTING NEUMANN SOLUTION.

B V74 | (HITH INLET CAPABILITY)

: 77%

E 7% MODE 1, CASEID: Ge27F

1 77%

7/7REUMANN  EXEC PEM=MAIN,REGION=4880K

s7STEPLIB DD DSHSTSOTIOF.DF12.LOAD,DISP=SHR

//FTE1Fe061 DD DSH=% _PCPATCH.FT12F001,

Vo4 DISP=(0OLD,DELETE)

77ET02F801 DD DSN=TSOT3IDF.GO27F.FUNDSOLN,

77 DISP=SHR

77FT04FE681 DD UNIT=SYSDA,DCB:=(RECFM=VBS,BLKSIZE=19069),
77 SPACE=(TIRK,(1,10))

s7/7FT05F001 DD DSHN=TSOT3DF.DF12.D080985.7692117,DISP=(0LD,DELETE)
77ET06F091 DD SYSOUT=A,DCB=(RECFM=FBA,LRECL=169,BLKSIZE=16500)
7/FT08F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
77 SPACE=(TRK,(1,10))

77FT69F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
V4 SPACE=(TRK,(1,10))

77ET10F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
V4 SPACE=(TRK,(1,10))

7/7ET11F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
77 SPACE=(TRK,(1,10))

77FET12F001 DD UNIT=SYSDA,DCB=(RECFI1-VBS,.BLKSIZE=19069),
77/ SPACE=(TRK,(1,10))

/7/7FT13F001 DD UNIT=SYSDA,DCB=(PECFM=VBS,BLKSIZE=19069),
Vo4 SPACE=(TRK,(1,10))

77ET16F001 DD UNIT=5YSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
77/ SPACE=(TRK,(1,10))

77FT15F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
77/ SPACE=(TRK,(1,10))

//7ET16F801 DD UMIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069).
V4 SPACE=(TRK,(1,1€))

/7/FT17F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
Va4 SPACE=(TRK,(1,10))

//FT18F001 DD UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),

/7
//FT1206F001 DD purly

R0 A tTh

LR LA

Figure 24(b). Mode 1 JCL stream for the 72-panel simple inlet check case.
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ORIGINAL PAGE IS
OF POOR QUALITY

* e CORBINE rm 0LUTL
SELECTION (-1,0,1, OR B) .
ﬂﬂll” oLy enu-xr C(UPTO 8 CHAMCTERS, BEGIMNING UITH AN ALPWARETIC CHARACTER) ...
108 BATASETY ‘TSOTIOF .G .FUBGSOLN® FOUNS.

INTER A FLMI-SECTION DON OR C/R FOR NOME

m GR FULLY QUALLIFIED. cmm NARE (WO GUOTES))

s Qookddf.I m\.ﬂ‘l
:mnmmmr " cmxnnoasc
TOPORMY COPY CREATED: BOM o TSOTIOF. vm 2071906 7182008
FLAS DATAGEY ‘TOOTIOF .GAE .MOBER.FLAGS’ NOT FOIND. OPTIONS ASE ...
R ... CIEATE IT l‘lli :1 v 155, " )

o m" (O OR DATASET mt"n naL GUALIFIED, RO SuOTES

;’_ aa&m&azw*aaa

SE805000800004500810000000000800R5R0E000000 SSOISASEAELES005E08528500I08

28 WE B e weme
=

o o .
CABES (L.E. 3B ”‘.“M

fs*
t

[ X J
(—-——-“m——“‘)l 1¢~= FLAR SFECS. ->!
= e
Ll o r CC
jcaNDe 3¢ ~000.08 .0 1.0008 1.0008 Nt VEY BFDED.
ALRACE ), BETACL ) o mm.mnmcuwt.

Figure 26. TSO submittal for DF12, Mode 2, for the 72-panel simple inlet
check case.
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ORIGINAL PAGE IS
OF POOR QUALITY

copving +TS0TIOF . QARTY . NODER.FLAS
#QT'ID‘“V""YFQU‘ IN TV DATCH JUBNITTAL ...

M-w”':l\l' (PRESSURE/VELOCTTY? BATASET VILL PE CREATED ...

Y

“on GUYSIEE FRONT 45 SEONEE
(1 1] QUTSIBE FRONT 46 BEGAEE
9 UTSIOE REAR 48 BECME
110) SUTSIIE REAR 46 DEQNEE
(113 SPECIFY YOUR O
e/f ML 10 STREAD vIDVS
OMeR NE SISINED VIEWS, SEPARATED WV SPACES (ER C/R)

Figure 26. Continued.
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ORIGINAL PAGE IS5
OF POOR QUALITY

M.a VAEF (79 BE USED TO MOBAALISE VELOCITIES)

VAEY + 0.0 VILL MLOT ALL VECTORS A UNIT VECTORS)
(M'ﬂ”ﬂl?- [ Y

mmwuvwmnw:m:muw-«m:
(CR FOR BEPAULT = 1AA.6)

CLASS IS *DEFTR®, NETVORKED Tos NIOFIRTI
ENTER DOUT J0B STREAM:

T FOLLOVING JOB UILL SEND THE PLOTS TO THE BAC CORPOS:
JOB MINFPLTIIONN0008 ) SUBRITTED

SREET vIBuls

(5 g,l

gy
)  BITYOR

t4) DBl

8) v

) WA

7Y  LAER GUTSISE FAONY 48 IEONEE
) PR GUVSINE FaINT 46 MEOARE

(30) v Gveim ma & seamt

(103 VIR VST et &

(18) SPECIPY VYRR G

c/R AL 10 STAMAD VIEUS

Eﬂm.ﬂ. SEPWANTED Bv SPacEs (oR C-R)

SELECY PLOT TVWES

(1) CP'g &Ly
(i) T-STAR’S OWLY

€3) CF’'S 19EP.) Oy
e/ ML

DTER ePTION :u.um&
SELECT CP CONTOUR BANGE AND SWCRENDNT:
WINTPUR CP PLOTTED  CP NCHENONT

1) 1.8 o.08
‘., ".. .-“
(3 ] -7.¢ .10
(4) -18.0 0.8
ca o LINEY

mrnu 9. oR cw
m“ m.mhu.
TV FOLLOVING JOB UILL SEMD TWE PLOTS 70 T SAC CONPED:
J0B MIUFPETI(JONOSR1 ) SUBNTTTED
TR eyt Joe sTREA:

PRRARETORS AR .
,""",..‘f‘ﬂ' tg‘w *§) 10(R.) LINES(4S) RIACLASE(A)
778 WELEASE ¢ ﬁnurnhs

7/73RAIN cum-mm
Jn“-.’ HIDF1ETIIONNNETY ) SUSFL . TED

Fiqure 26. Concluded.
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INCOMPRESSIBLE COMBINATION RESULTS FOR THE 72-PANEL INLET. 2
&Y IPR132=1, IPV=1, NCOMB=2, ALPHAC=0,5, VC=1.3,1.5 &END

Figure 27(a).

7/%
/7%
/7%
77%
7/PCPATCH
/77STEPLIB
/7/FT01F001
77

//7FT06F001
//7FT11F001
77

//FT12F001
/77

/%

/7%
7/7%
7/7%
1444
144 ]
7/7%
7/7%

Alternative input dataset for DF12,

Mode 2, for the 72-panel

simple inlet check case.

PC-PATCH FITTING FOR:

TSOT3IDF.H31H.GO27E.DATA

EXEC PGM=H31K,PARM="1,0,0",REGION=1000K

DD
DD

DD
DD

DD

DSN=TSOT3DF.LMF.LOAD, DISP=SHR
DSN=TSOTSDF.TEHPGEOH.D080985.T156000,
DISP=(OLD,DELETE)

SYSOUT=A

UNIT=SYSDA,SPACE=(TRK, (30,10)),
DCB=(RECFM=VBS,BLKSIZE=19069)
UNIT=SYSDA.SPACE=(TRK.(30.10)).DISP=(NEH.PASS).
DCB=(RECFM=VBS,BLKSIZE=19669)

3-D HIGHER-ORDEX LIFTING NEUMANN SOLUTION.

(WITH INLET CAPABILITY)

CASEID: Ge27F

//7REUMANN  EXEC PGII=MAIN, REGION=4680K

77 _TEPLIB DD nsn=rscrsns.nflz.Ler.alsr=snu
7/FT82F681 DD DSl=TSOTSDF.GOZ?F.FUNDSOLN.

/77 DISP=SHR

/7/7%

/7% PV DATASET:

//FT83F001
Y4

4.
//FT84F001
77

7/FTO5F801
77FT06F801
/7/FT08F001
/7
7/FTO09F001
77
7/7FT18F001
/7
//7FT11F001
77
7/7FT12F001
77
77FT13F001
77
7/7FT14F001
V4
77FT15F001
77
7/FT16F001
2’7
/7/7FT17F001
77

/7/7FT18F001

Vo4
/7/FT20F001
77

/]
oD
H
pD
0D
Do
DD
DD
0D
DD
bD
DD

DD

DSN=TSOT3DF.PV.Ge27F.MODE2.0ON,
DISP=(HEH.CAT(G).UN!7=TSODA.SPACE=(T!I.(II.IO).lESE)

UNIT=SYSDA, DCB=(RECFM=VBS,BLKSIZE=19869),
SPACE=(TRK, (1,10))
DSN=TSOT3DF.DF12.De80985. 7154008 ,DISP=(OLD, DELETE)
SYSOUT=A, DCB=(RECFN=FBA,LRECL=169.BLKSIZE=16900)
URIT=SYSDA, DCB=(RECFM=VBS,BLKSIZE<19069),
SPACE=(TRK, (.,10))

UNIT=SYSDA, DCB=(RECFM=VBS, BLKSIZE=19069),
SPACE=(TRK, (1,10))

UNIT=SYSDA, DCB=(RECFM=VBS, BLKSIZE=19069),
SPACE=(TRK, (I,18))
UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
SPACE=(TRK, (1,10))

UNIT=SYSDA, DCB=(RECFM=VBS, BLKSIZE=19069),
SPACE=(TRK, (1,10))

UNIT=SYSDA, DCB=(RECFM=VBS, BLKSIZE=17069),
SPACE=(TRK,(1,10))
UNIT=SYSDA,DCB=(RECFM=VBS,BLKSIZE=19069),
SPACE=(TRK, (1,10))
UNIT=SYSDA,DCB=(RECFM=VBS, BLKSIZE=19069),
SPACE=(TRK,(1,10))
UNIT=SYSDA,DCB=(RECFM=VBS, BLKSIZE=19069),
SPACE=(TRK, (1,10))
UNIT=SYSDA, DCB= (RECFNM=VBS,BLKSIZE=19069),
SPACES(TRK,(1,10))
UNIT=SYSDA,DCB=(RECFM=VBS.BLKSIZE=15069),
SPACE=(TRK,(1,10))
DSN=%.PCPATCH.FT12F001,

DISP=(OLD,DELETE)

Figure 27(b). Mode 2 JCL stream for the 72-panel inlet check case.
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.

77 %

/7% JCL TO VECPLOT A 3-D PRESSURE/VELOCITY FILE
1%

//VECPLOT EXEC PSI1=UVECPLT,REGION=950K

//STEPLIB DD DSH=TSOT3CP.H17.LOAD,DISP=SHR

//FT05F001 DD x

/%
//FT06FC01 DD SYSOUT=A,DCB=(RECFM=VA,BLKSIZE=141)
//FT13F601 DD DSHN=TSOT3IDF.PV.G027F.10DE2.0ON,

77 DISP=SHR

775D4060 DD DSH=ROUTE.DAC.GCMIF.BON.FL0060.VECPLT,
77 DISP=(MEU.KEEP),

77 UNIT=TAPE16.LABEL=RETPD=10,DCB=DEN=3

Figure 27(c). JCL stream to execute the VECPLOT program.

s/%

/;' JCL TO ISOPLOT A 3-D PRESSURE/VELOCITY FILE
Vy4 ]

/71S0PLOT EXEC PGM=UISOPLT,REGION=750K

7/7STEPLIB DD DSN=TSOT3CP.H17.LOAD,DISP=SHR

7/7FT05F001 DD x

7%

//7FTO06F001 DD SYSOUT=A,DCB=(RECFM=VA,BLKSIZE=141)
//FT18F001 DD DSN=TSOT3DF.PV.GO27F.MODE2.ON.

4 DISP=SHR

77506060 DD DSN=ROUTE.DAC.GCMIF.BON.FL0060.ISOPLT,
/7 DISP=(NEW,KEEP),

7/ UNIT=TAPEY6,.LABEL=RETPD=10,DCB=DEN=3

Figure 27(d). JCL stream to execute the ISOPLOT program.
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ORIGINAL PAGE I3
OF POOR QUALITY

(a)

SURFACE VELOCITY VECTORS IN LOWER FRONT “5 DEGREE VIEW
INCOMPRESSIBLE COMBINATION RESULTS FOR THE 72-PANEL INLET.

MACH MO = 0.0 ALPva = 3.000 OCG. ®EF: DF ic

- WD NE ANN
AY-nal = 0.0 mIL. (<8 - 0.9

07/18:95

Cane

(b)

SURFACE 1SO0BARS [N LOWER FRONT 45 DEGREEL VIEW
INCOMPRESS IBLE COMBINATION RESULTS FOR THE

72-PANEL INLET.

mA(H NG = 0.0 aPwaA « %5 000 OEC CPMIN - -v 68 REF - OF 12 MO NEURANN
Ay ma . 00 ML (L -0 719 cPMak o 0.99 07/ 14/
MEAVY L IME IMDICATES 1SOVALUE -2.%000
0ASHMD LINE INMDICATES 1S0VALUE 09.0000
INCRLMENTS IM I1SOvAL L » 0. 1000

Figure 29. (a) Sample VECPLOT output from DF12 Mode 2 for a combined ALPHA=5

degrees. (b) Sample ISOPLOT output for same case.
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NTITLE
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H H R (dtstrCid).cfC1), i"1.m1) |NIiine B.L. Quantities
H : E . . 1 7.8.0.
B c ] 7.8.0D.
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Figure 30. P/V (Pressure/Velocity) dataset format.
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Figure 31.

{M+1.,1)

Extended set of velocity points stored in the P/V dataset: solid
symbols are standard panel control points, hollow symbols are
interpolated/extrapolated points. For MxN input panel defining
points, {(M-1) x {N-1) panels are produced, and (M+1) x (N+1)
velocity points are calculated and saved.



ORIGINAL PASE IS
OF POOR QUALITY

STresess
228 INVERACTY VE -0 STREAR. TRAG
"3 monR & *>D '-Mlﬂt?‘ﬂf m-‘g

LAST UPBATE: 771888 (W)

0 YOU UANT CEIECT DONGARY LAVER CALCULATIONS? (v OR CW)
o N ACE- MR- 0K D P7V BATASET
(PALLY 168, VITHout e

F Lasddd -”-m -oodel.on
70 PERNIT SAVING OF THE STREAMLIMES IN A *GUIKPLOT-TVPE BATASEY
CONPLETE N FOL’ WINS “.'- cm }. "ml

JON = TSOTIOF. AIKPLOT.

10 PERNIT SAVIN OF TME STREAMLINES IN A °*HEURGEN®-TYPE
(CARD IRAGE) II“‘T.' TE TME FOLLOWING

et o 1 SECTION MURER
o - 18 SOLUTION NMINER
memLr - 0 S-SECTION JUPING-TO-ITIELF INMIBITED
1-0ECTION ASPING-TO-ITIELF ALLOVED
T = 100 MAKIM IUROER OF POINTS ON & STREALINEC .LE. 898 )

VSTART 1.0000 U -VALUEL FOR START OF STREARLINE (1 L. USTART .AL. )

VETAIT = 1.0060 "VS-UALUL FOR STARY OF STREAALINE (1 .LK. VOTART .1E. M)
A o 100.0000 X-CUTOFF WALLE
DITTR- W TINNES,—LIST* OR C/B TO EXIV

(iﬁnoa.uun-o.nmu\
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~ or { e DUy
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Figure 32. Sample interactive TRACE-ON execution for a streamline on the 72-panel
simple inlet check case.
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Figure 33. Two streamlines calculated by TRACE-OM for the 72-panel simple inlet
check case.

124




GRIGINAL PAGE 1S
OF POOR QUALITY

(a) (b) m=2
m=:) M=z g m=|
I ! n:tl} N:z-ia n=15
m 2 + m:z + ] f
; i | SECTION 4 :
m % ~ 4 m=4 m:-7 ! ! m=J

2
LY
3
“
3
"
-
3

1
~
3
A ]

m:2] m=3 im=2
m:-2 m:z> m:
m ) ™y mzi m=t =1
A3 A2 n=-i nzi n=2 nz=) n =1 n=2 ‘..:3 n:=4 6 7 a 9 n=u n=i2
[4-LLITR4 INCORRECT ' n=5 nzi0 '
NPUT NPuT 1 : I i
: SECTION 1 | SECTON2 | secTion 3 !
[} i J
(c)
m=-4 Mmz-3) m=2 m=|
n0——-——
n=-9 -‘
SECTION 2
n=g8
nN=7
m=-3
m =2
m =
n=oi ns=2 n=3 n-4 n==5 hz'b
! |
i
|
; SECTION | I
|
1

Figure 34. (a) Examples of correct and incorrect input; (b) Plan view of the
input points on a body divided into sections; (c) Another possible
division into sections.
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APPENDIX A
CONSISTENT EXPANSIONS FOR THE POTENTIAL AND VELOCITY INDUCED BY
A CURVED PANEL AT A POINT IN SPACE

A "true" panel on 3 body surface is the curved four-sided region of the surface
whose corners are input points lying exactly on the surface (Fig. 8). The
boundary curves of the true panel that connect the corner points will be
defined shortly. Consider a plane tangent to the surface at sume central

point of the true panel. A panel coordinate system is constructed whose origin
is the tangency point and whose z or ¢ axis js normal to the tangent plane.

The x or § and y or n axes lie in this section. The corner points of the

true panel are projected into the tangent plane along the normal direction.

By joining adjacent projected corner points with straight lines, a flat panel
is produced, which is assumed to be the projection of the true panel in the
tangent plane. This construction now defines the boundary curves of the true
panel. They are the curves joining the true corner points that have straight-
line projections in the tangent plane.

It is a fundamental assumption of the present method that the dimensions of the
panel are small in certain senses. Certainly variations over the panel of the
normal direction are assumed small. Moreover, if a physical quantity 1s
expanded in a Maclaurin series, successive terms become small, i.e., if

@ 3 3 n ©
£(E,n) = nzo 7T (3T + n 5a)0,0f (Es1) = nzo Q, (Fsn) (A.1)
then
‘in << |Qm| if m<n (A.2)

£.so, the vertical distance ¢ of a point on the true panel is of the order
of the square of the horizontal distance, i.e.,

g = 0(!:2 + nz‘ <« /E +n (A.3)

“he potential at a point (x,y,2) in space due to a source distribution on the

true panel i<

2274H A-1
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(A.4)

~<|Q
[» N
w

where

2 2

r-=(x-¢)

2

()

sy -mls(z- 2 (A.5)

and where S is the surface area of the true panel. It is desired to express

> in terns of a series of integrals over the projected flat panel. Thus it
ay be stated that the potential of the true panel is "expanded about* that of
the flat panel. To illustrate the process more completely, a three-term expan-
sion is derived, although only the first two terms are ultimately retained in
the present method.

In panel coordinates the equation ¢ = f(&,n) of the surface of the true
panel may be expanded in a Maclaurin series in the form

3

= [P% + 20En + Rn%1 + [Ty + Tppen + Tpkn? + Toprl + ... (A.6)

™
¥

Gy + Lyt ..s

There are no constant or linear terms in (A.6) because the origin is at the
tangency point. A1l coefficients in (A.6) are constants proportional to
derivatives of ¢ at the origin. The coefficients P, Q and R, which are the
only ones actually used in the present method, are the second derivatives.
They are referred to below as the surface curvatures to which they are closely
related. The quantity %y is second order in £ and n and thus in panel

dimension t, and %3 is third order.

The equation of the true panel may be written

F(g,n,g) = ¢ - Z5(Esn) = Z3(gyn) - ... = 0 (A.7)

Then, taking the gradient gives

gradF=§—(c25+c3E+...)1'- (;2n+ T3n * )3 (A.8)

where subscripts £ and n denote partial derivatives and 1, }, K are the
unit vectors of the panel coordinate system. The vector grad F is normal to
the panel at any point. The unit normal at any point is

2274H &-2
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+ _grad F
n-= Tg?—a?—rr (A.g)

so the z-component of the unit normal is

This can be expanded in the form

2

T | 2
n =1 5 L(c,zE t gy + ...+ (c.zn tgg t e

3 2 2.2
t3 L(c25 + c3€ + ...)0 4+ (‘zn + %35 SRS b D (A.11)

From (A.6) it is clear that Lo and Ty, are first order, %3¢ and &3, are
second order, etc., so the leading terms from the first square bracket of
(A.11) are second order, and the leading terms in the second square bracket
are fourth order. Thus,

R N
n, = 1-5 (czE + CZn) (A.12)

js a valid three-term expansion with second (Tinear) term zero. More precisely.

ng = 1 -3 L2Pg + 2am? + (205 + 2Rn)?]
<1 - 2% + Q)2 + 2(PQ + QR)EN + (@2 + RP)n) (A.13)
“C = ] - 2“32 w

where wz is second order. The elementary surface area dS on the true panel
is related to the elementary area dA = dtdn in the tangent plane by

nCdS = dA (A.14)

ds

(1 + 2¢2)didn (A.15)

The source density is strictly a function of surface distances along the panel.
However, it can be shown that there is no difference between surface distances
and E and n through second order. Thus it suffices to define o in terms

of £ and n in the form

22744 A-3




Q
u

2) + ...

2
0y * (OXE + oyn) + (oxxg + Zoxygn + oyyn

(A.15)

=0 4+ 04+ 0
0 1

2

where o is n-th order in £ and n and thus in panel dimension t. The coef-
ficients in (A.16) are constants proportional to derivatives of o at the
origin.

Thus, to three terms

odS = (00 +op+ 02)(] + sz)dgdn
= (oo + 04 + cé)d&dn (A.17)
where
oé =0, + szoo (A.18)

A1l of the above expansions are independent of the location of the point
(x,¥,2).

It remains to expand 1/r, which of course, does depend on x,y,z. It is neces-
sary to differentiate three ranges of value of r:

{a) r>> t for all E,n
(b} r =0(t) for all &,n
(A.19)
r <<t for some E,n
(c)
r = 0(t) for other E,n

In other words, the ranges amount to the situations where the distance of the
point (x,y,z) from the origin of panel coordinates is, respectively large, of
the order of, and small compared to the dimensions of the panel. It turns out
tnat the range (b) where r is of the order of the panel dimensions is the
essential one. In the far-field, range (a), 1/r is expanded in negative powers
of Yo = (xz + yz + 22)1/2_ The resulting expansion differs in no important way

22744 A-4




from the usual far-field multipole expansion and thus 15 relatively easy to
derive. An order-of-magnitude comparison of the expansions of ranges (a) and
(b) shows that while certain terms become small faster than others as the
distance r increases, the expansion derived for range (b) is valid for range
(a), although it is conservutive in that some retained terms could be elimi-
nated. For points close to the panel, range (¢c), it is necessary to assume
that they lie on a line through the origin having a finite slope with respect
to the tangent plane. Under this condition the order-of -magnitude analysis of
range (b) remains valid. This is just what the physics of a panel method
requires in any event. Eventually, the control point of the panel is identi-
fied with the origin of panel coordinates and the above condition states that
if a point approaches the surface, it does so at a control point. Since it is
only at the control points that the normal velocity boundary condition is
applied, approaching any other surface point would give physically meaningless
results. Thus the derivation below concentrates cn range (b), which may be
thought of as the effect of a panel on control points of nearby panels.

The distance r can be written

rz = (x - E)Z + (y - n)2 + z2 - 227 + cz
2 2
=re - 21; + ¢ (A.20)

where r¢ is the distance between (x,y,z) and the point (¥,n,0) on the flat
panel (Fig. 3). Thus

l:L L =L[]_1:_2_Z_§_‘£__§_2_+3422(,2+ ]
r r¢ / —7 Tf Z r g A
1+ (<225 + ¢ )/rg f f
2 2
-1 z v, 3z Lo
== [1+ — + (2 ~ 2) 5+ vee] (A.21)
f f ' f re rf

Note that (z/rf) is of order unity, and, since re js 0{t), the quantity (,/rf
is also O(t), i.e., o(g). 1f use is mace of (A.6), the above becomes

22744 A-5




LR

§

[ S O S C+C+...2

2 3 2 Ty 2 3

+ - 5 ) ] (A.22)
T 72 7?7 T

f f f re f

_ 1 p4

3| s

from which the desired three-term expansion is obtained in the form

- 2

1 1 ; Y2 2% 32 1,%
L LIRSl ok ol iy Sl e AL (A.23)

f f f f  f r r
f f
or, for abbreviation,
1.1 (1 + ¢+ +C»h) (A.28)
rore 1 2 .

where h is of order n in £ or n and thus in t. Now this is multiplied by
(A.17) to obtain the expansion

1]
el i

(o} ]
F-dS (o0 + oyt 02)(1 +cyt cz)dA

[oo +op+ oé (A.25)

|

+ €0, + Cjop + €40,
+Cy0 + €0y ¥ °2°2]

The square bracket in (A.25) must be reduced to a three-term expansion using
the facts that

9, >> 04 >> 0, (A.26)

and
1 >> cy >> €y (A.27)

The leading (lowest order) term is clearly %, because all terms are small com-
pared to it. Possible members of the second term are oy and €1% because all
remaining terms are small compared to one or the other. Thus, both of these
are retained in the second term, because neither can be guaranteed to be small
compared to the other in all cases. The question then arises as to which of
the remaining six terms of the square bracket of (A.24) need to be retained in

22744 A-G




the third term of the expansion. Obviously, if any of these six is small com-
pared to any other, it may be discarded. This eliminates all but Ops €10y and
Thus, the three-term expansion of the integrand of (A.4) has the forn

CZOO'

o dA
F—dS rf [o + (¢ 1% * o1 ) + (c 0, + €10y + 02)] (A.28)

when the abbreviations of (A.16) and (A.24) are replaced by their actual
expressions, the three-term expansion of (A.4) is

) dA CC"’O’yn
¢-0°£I?‘?+ 0 IIZTdA+SI_—r—dA

_ 2
t3 3 2% 7 Cg
o Il (z—+§Z Sz iz % (o, + aylen (R.29)

1 2 2 2 2
! AI e [:oxx‘ * 20,80 + oy + 2(P7 4 Q ) + 4060 + QRIEn

+ Z(Q2 + Rz)n2 ] dA
where the integrals are over the projected flat panel. Defining the integrals,

n
[f ETS—-dA (A.30)
A e

the three-term expansion of the potential can be written

¢(0)°o . [¢(C)°o N ¢(]X)0X + ¢(1y)0y]
(A.31)
N [¢(20)00 (2x)o + ¢(2y)oy + d>(2xx)0;(x + 20 (ny) xy + ¢(2yy) yy 1
where
o;x =0, * 2(P2 + Qz)
O;y = oxy + 2(PQ + QR) (A.32)
Oy = Oy * 200 + R%)
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The individual potentials in (A.30) are

(0)

¢(c) = z[PI203 + 201113 + R1023] (A.34)
(1) _
¢ = ot
(y) (A.35)
y) _
¢ - IO&]
(20) _
6 = 2lTaglags + Toylipz *+ T1T123 * Tosloss!
e 3 2201, + 8PQLosc + (2PR + 4Q9)1,. o + AQRI;nq + RIo,c]
3 2 1P)lags 315 225 135 045
e VP21, g + 4PQIaqn + (2PR + 400)1,,, + AQRI qs + R%1,,.]
7 [P"I403 313 223 133 043
(A.36)
(2x) _
) = z[PI303 +2Q15y3 + “123]
(2¢) (A.37)
X) _
¢ 7 = 2[Ply 3 + 201153 + Rlgy4]
(2xx) _
¢ = I
(2yy) _
¢ = Ipo

The first term of (A.31), ¢(0)oo, corresponds to a flat panel with a constant
source density. This is, of course, the term used in the first-order method.
The second term of (A.31) contains the second derivatives P, Q and R, of the
surface shape but no higher derivatives and first derivatives of the source
density but no higher derivatives. Thus the second term of (A.31) corresponds
to a paraboloidal panel shape with a linearly varying source density. The
third term of (A.31) contains all the preceding quantities and also the third
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derivatives of the surface shape and the second derivatives of the source den-
sity: a cubic panel with a quadratic source density.

The equations above j1lustrate the fact that succeeding terms in the expansion
for the potential of a panel increase rapidly ir complexity. A single first
term is followed by a second term containing fijve individual parts, each with
its own integral of the form, £q. (A.30). The third term contains 23 individ-
ual parts which together involve 17 different jntegrals of the form of Eq.
(A.30). The great increase in complexity associated with retaining the third
term of (A.31) appears to be unjustified at this time. Accordingly, the
higher-order method accounts for the source density effect by considering the
first two terms in Eq. (A.31). This is the approach that has previously been
followed in the two-dimensional and axisymmetric higher-order methods (Refs. 17
and 18).
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AFPPENDIX B
GENERATION OF PANEL GEOMETRIC QUANTITIES BY MEANS OF BICUBIC SPLINES

Very elaborate geometry fitting procedures based on parametric bicubic splines
have been developed at Douglas Aircraft Company over many years. A description
of this technique is beyond the scope of the present report. A survey is con-
tained in Ref. 19. In the present application the method is considered a
“black box," although several minor changes had to be made.

The points defining the body are input in the usual way. Each panel is fitted
by a bicubic surface in terms of two parameters, u and v, that vary from 0 to |
over the panel. (The panel is the unit square in parameter space.) This per-
mits the wel’-known procedures of Ref. 20 to be used as follows.

Let a point, (x,y,z), of the panel be represented as a vector
X=Xi+yj+zk (B.1)
The parametric cubic fit then yields
X = x(u,v) ’B.2)

These expressions may be differentiated analytically to give

» + -+ > +>

X X .3

u’ v’ Xuu? Xuv? Xyv (B.3)
as functions of u and v. The vectors iﬁ and xv+are tangent to the curves,

v = constant and u = constant, respectively, and thus lie in the surface
although they are not perpendicular.

The point corresponding to u = v = 1/2 is in the "center® of the panel in some
sense. It is selected as the control point and origin of coordinates of the
flat projected panel. The derivatives of Eq. (B.3) are evaluated there, and in
all that follows X and its derivatives are assumed to be those at u = v = 1/2.

The unit normal vector to the panel, which is also the unit vector along the
¢ axis of panel coordinates is
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e,

nek =427 (B.4)

where the sign is selected tc give an outward normal. The unit vector along
the ¢ axis of panel coordinutes is taken tangent to the v = constant curve
which nearly parallels the N-lines,

X
r u
1, ° 13 (B.S)
*y
Thus the unit vector along the n axis of panel coordinates is
Jo = Ry x 1, (B.6)

The components of the three unit vectors thus obtained comprise the transfor-
mation matrix.

Now define

h=u-1/2, k=v-1/2 (B.7)

and consider the Maclaurin series for ¥, n and ¢ in terms of h and k.
They have the form

£ = Ah + Bk + (second order)
n = Ch + Dk + (second order) (B.8)
c = 1/2(eb? + 2fhk + gk%) + (third order)

There are not constant terms in (B.8), because the origin of panel coordinates
corresponds to h = k = 0. Furthermore, since the tn plane is tangent to the
surface at the origin (ﬁe is the normal vector), the series for ¢ has no
linear terms. Reference 20 gives the coefficients of Eqs. (B.8) as

i

-> <+ >
A=x, g B=x, 1

(B.9)
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>
&
£

-* .* = 3" o
C=x4° 3% 0 D=x je
e = ;ﬁu on f= ;ﬁv en g-= ;vv e n (B.10)

The first two of Eas. (B.8) may be inverted to give

h = af + hn + (second order)
(B.11)
k = cE + dn + (second order)
where
_D . _B . ¢ _A
a=3, b = 1 C=3> d 7
(B.12)

A = AD - BC

Equation (B.12) may be inserted into the third equation of (B.8) to give the
desired form

¢ = P + 2QEn + R (B.13)

The resuit is

P= l/2[ea2 + 2fac + gcz]
Q = 1/2[eab + f(ad + bc) + gcd] (B.14)
R = 1/2[eb + 2fbd + gd°]

For generality c has been included in &q. (B.14), but in the present applica-
tion it is zero, which simplifies (B.14).

It remains to compute corner peints in panel coordinates. The four input
points bounding the panel are transformed into panel coordinates to obtain
(;:. n:, c;), k=1, 2, 3, 4. They are projected into the plane by simply
ignoring Tyt Next the side between points 1 and 2 is rotated to make N = My
The midpoint and length of the side are, respectively,
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-_] * * _-" * *
£=5 (ry +5)), n=3%(n +n)
(B.15)
_ * * 2 * * 2
a= /() - 5?4 oy - )
Then the final corner point coordinates are
M=yt
_= d
E]—E--Z (B.]G)
-7+ 4
52—5‘*’2

A similar calculation is performed for the side between the points 3 and 4.

It should be noted that the underlying parametric cubic geometry routine uses
the surrounding input points to generate the fit to a panel. The routine con-
siders only points on the same section, and thus slightly different results can
be obtained depending on how the body is sectioned. For fitting purposes, the
wake is considered a separate section, so that the routine does not try to fit
around the trailing edge. On the semi-infinite last-wake panel the derivatives
P and Q are set equal to zero, so that the panel has straight generators in

the stream direction, but R, the spanwise second derivative, may be nonzero.

.
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APPENDIX C
AREA MOMENTS OF A PANEL

The normalized moments of the area of the tangent panel are required. These
are defined by

21 nm
Inm—;mi‘\j E ndidq (C.])

where the region of integration is the area of the panel. For example, tzlno
is the area t4120, t4111, t4102 are the moments of jnertia or second momenté.
The order of a moment is the sum of its subscripts n + m. There are two first-
order moments, three second-order, four third-order, and five fourth-order.

The present method uses up through fourth order. The moments are calculated
by a straightforward but rather lengthy set of formulas.

First, normalize the corner point coordinates by the max imum diagonal,

& = 5/t = B/t k=1,2,2,48 (c.2)
How the normalized moment may be defined in terms of certain auxiliary
functions
o L(32) (41) 1 ol el en+l
nm o It g *TosNn+ 1) [n1 (6, - 3! )
ENCALEE ALY (c.3)
The auxiliary function I&%F) is as follows:
If {m3o] > 1:
(32) _ 1 pon+lomt1.2
Im “m+ Din+ 1) & ]3
) 1 1 [-n+2-m]2
Th+sNn+t2)m n i3
32
n 1 n+3en-142
+ s T F 210 + 3) ;“1"[5 nl3
32
(C.4)
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nm - 1)

T+ N{n + 2¥n + N(n + &) :‘33: > 2

. nim - Ni{m - 2) 1 [-n+5-m-312
ths n+ Dn+3Nn+8(n+5 A& nood
32
nin - Nm-2)(n - 3) 1 r-n+6-n-4]2
“Tn+ D(n+2)(n+3)(n+8)(n+5)n+6) ng “ n 3
If [m32! < 1t
(32) _ 1 nem+72+2
Inm R R I CE AR [ ]3
n 2 n-lem+3.2
“TmF W 2)m+3) ™2 LA S
nin-1) 3 en-2erH4,2
TR e A M2 [ ]y (C.5)
n{n - Nn - 2) 4 en-3ep 5,7
R R CE IO CEECER I I TR
+ nin-1)(n - 2)(n - 3) g [En-4-n+6]?
s s 2)nt Nin+ A)m+5)n+6) 32 no;

vhere the bracketed synbols are defined by
- [ ) 2 [J &4 oK ®
z - 6
(P15 D K (C.6)
(The superscripts in the above equations dencte simple powers of the quantities

except for the bracketed doubie superscript (32), which denotes the side of the

quadrilateral.) It is clear from the above that the calculation of Igg‘)

requires m + 2 terms of Eq. (C.4) or n + 1 terms of Eq. (C.5). The calculation
is simply terminated at this number of terms. The auxiliary function
is obtained from the above by an obvious substitution of subscripts.

((41)
nm




APPENDIX D
NEAR-FIELD SOURCE FORMULAS

1f rO/t < Pos the near field formulas are used to compute induced velocities.
The calculation starts with the element coordinates x, y, Z of the field point
and the geometric quantities associated with the element that are discussed in
Section 2.3.

Preliminary quantities to be calculated are:

rk = V/l(x - E;y)z + (.Y - ﬂk)z + 22) k = ],2,3,4 ])
.
X - by y- % z
. = ’ 8 = , w = & Kk =1,2,3,4
K rk k " k v
p32) = [ + (y - )2 - (x - gy - ), k=3or2
(D.2)
p£4]) = m“[z2 + (y - nk)Z] - {x-gily-n)d,s k =4or]l

*he basic functions are

L(mn) "m* "o~ den

= log —
+ +
"Tm* Tn dmn

m,n consecutive, i.e., mn = 12, 32, 34 or 4l

(D.3)
and
p(32)
(32) _ -1 5k _
Tk = tan [-—z—r-k—], k =3o0r2
(D.4)
= (an p(41)
_ 1) _ -1 ¢k _
Tk = tan [ zv, 1, k=4o0r1l
Also needed are derivatives of the T's and L's. The derivatives of T£32) are
_ , (32) 2 (32)
Mo zing v
ax T (37)
Dy
22744 D-1
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(32) 2 (32)

T ) 2l2mgpBy = vy - Py By
3y h NE
|4
( k =3o0or? (D.5)
32) ? 32)
3z - (32)
Dy
(32) _ .22 (32)47
Dk =zZr + [pk ]
There is an analogous set of formulas for the derivatives of TéAl).
The derivatives of L(”") are

(rm) aL(mn) 3émn)
% Dran (O * @), 3y Dpn B * Bl 2z D (i o)

Lo ]
D = %an (D.6)

? ?
(rm + rn) - dmn

mn = 12, 32, 34, 41

The flat-panel constant-source velocities are

(0) 1 .(32) . 1 (a1

v = - L + L

x S32 S41
0y _ _,(12) . ,(34) My (32) M4l (41)

v = -1 +1 + L - L (D.7)
y S32 41

(0) _ (32) (32) (a1) (a1)
VZ = - T2 + T3 + T] - T4

Referring again to Appendix A, it can be seen that the integrals Innp of Eq.
{A.30) are source potentials if p = 1 and, when multiplied by z, are dipole
potentials if p = 3. Specifically if ¢ . represents the potential of a

dipole distribution u = Emn" on the panel, then

(D.8)

_ = 77
¢mn Zimn3




It turns out that the higher-order source terms for a panel are expressible in
terms of derivatives of the dipole potentials, Eq. (D.8), and the derivatives
of the source velocities, Eq. (D.7).

Only the derivatives of VX and Vy are neaded (since VZ = ¢00, its derivatives
are exactly a potential derivative). The derivatives of Vx and V_are

y
(0)
ax S3, X TS
(0)
avx 1 aL(32) . 1 aL(41)
W Sy W Sy W
(0)
9z 532 P} 541 ¥4
(D.92)
(0)
aVy . aL(12) . aL(34) s Mo aL(32) ) M1 aL(41)
X ox X Sy, X S4p X
(0)
AR AL a (39) , M2 aL(32)  myy 5 (41)
3y 3y 3y SSE oy ’SH Y
(0)
av¥ . al_(12) ) aL(34) . ms, aL(32) i My aL(4!)
3z 3z 3z 53, oz Sp 2
Now the potential derivatives are as follows.
36 (32 (320 (A1) o (A1)
00 __ "2 + 3 + 1 _ 4
X - oX oX oX X
(32) (32) (41) (41)
g My My M ¥4 (D.10)
y ay 3y ay 3y
(32) (32) (41) (41)
a¢00 . Z)T2 . 8T3 . 3T1 ) 8T4
9z 9z 3z 9z 9z
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4 (0)

39, ad
o1 _ y 00
> T %X Y
(0)
LR, y
%y Z 5y tY oyt Vz(source)
(0)
ad oV a¢
o1 _ _ y 0C _ -
5 it Y 5 Vy(sou.ce)
s ST I X V,(source)
(0)
.?:‘i_‘.l—o. = - 7 avx + X a¢00
ay oy ay
(0)
26 e\ 2
_3%9 = -z 3§ + X 320 - V,(source)
Now define
r,-r, r,-r, m
_ 3 2 1 4 32 (32)
a1 ety suniiimn e L 20 bsp)L
32 41 32
m
41 (41)
- _S'g— (X - M4"y - b4])|.
a1
gy aq-a, m mn (32)
1% "% M2 @32y, M2, A
Tz b T oM - by) Ty
32 32 32
a, - a m m (41)
1 4 41  (41) 41 oL
* P SR L T3 (x = mgqy - bgy) =5
41 41 41
2
B3 f M2 (32, M2 oy by A
5y o7 3 3 32Y - 932) —y
32 32 32
2
JPR B M an M o a (31
7 '3 3 WY T Py Ty
41 41 21
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IS mss a (32)

K2y F5T (X - mypy - byp) SmH—
32 32
LYt I P ) AL
2 3 a1y = Pay) 57—
41 a1

Using the above

ad o¢ 3 od
Q) _ 1 01 10 00 (0)
Vo= -z X X TEac Y Y X - sz ]
ad ET) 3¢ 3¢0
Q) _ 1 01 10 0 (0)
Vy = -2z 3yt X3y tY 3y "W 3y - vV, ]
3J 3 26 a¢,
(Q) _ 1 %1 10 00
V2 = r e v x o Y 7 -y o + Iy
Also define
r.-r . =T
) 2°"3 4-"1 ) (32)
Moz = M3z Tzt My Tty (X mgy - byl
32 A1 32
1 (41)
3 (x = myy - byt
a1
oH m (x = my,y - b,,) . (32)
02 M 1, (32) 32¥ - b3p) 5
X ‘gz““z‘“s’*;:rL + 3 5%
32 32 32
LTy X mygy - byy) g (4T)
SZ 4 1 S3 53’ ax
41 41 41
Mgy My v M2 (32) (X = m3y - bsy) y (32)
Ty Tz BB og LT 33 ey
32 32 32
n m (x = myqy = baq) o (41)
41 41 (41) 41 a1 s
t BB gL 3 Y
21 41 41
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(x = maoy = b32) aL(32)

oH m
02 _ "32
oz "z D2 1) + 3 52
32 32
m4*| ( _ ) _ (X - m4]y - b4]) aL(4])
S2 Yo © g S3 3z
41 41
Using the above
aH L1 ad
(R) _ 02 01 _ 2 00
Ve T [z =%+ 2y = (y tz axX ]
oH 9 )
§R) o Za d’m 4R 4 2 o °oo zV§0)]
(D.18)
oH ad 3
(R) _ _ 02 01 2, .2y °%00 _ ,_(0)
v, o= [z —7t 2 57 - - (y© + 2°) = 2zv, ]
Finally, define
- (0)
Joz = Hoz - 2V;
- L(0) _
30 _ ,(0) _ o2 Mao _ 0y _ Moz
x X ax ’ 3y y Ty
(D.20)
30 _ (0 _ Moz
Y z 3z ?
vhere
(x = £,) - nayoly - n,)
o0 (y - r]])Luz) . 2 . 32 " T2’ (32)
32
( - ( ) (D.21)
X -t y-
-y -n )L(34) _ 8’ - M (41) _ zv(0)
3 N z
41
Using the above
3J ad a¢
P 220 0 90 _ 5,y (0)
aXxX X
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V;P) =- [z E%%Q + 2x 3;%9 - K 3289 ] (D.22)
vi]x) XV§0) Jg
vy") xV;O) -y (D.22)
V§]X) xV;O) zViO)
Vily) yv)((O) -3
vy w0y (0.23)

(1y) _ (0) (0)
Vz = sz - sz
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APPENDIX E

INTERMEDIATE-FIELD SOURCE FORMULAS

If
Py > ro/t > Py
the intermediate-field formulas are used.

First define direction cosines

X _y y 4
a = —y B-—, Y = —
"o To To
Next define certain "derivative functions” as follows:
First Order:
u, = % "y = -B, u, =
Second Order:
u,, = 3a2 -1 u.., = JaB u
XX ’ Xy ’ yy
U, = 3ay, “yz = 3By, Uy, =
Third Order:
u = 3a(3 - 5a2) u = 38(1 - 5a2) u
XXX : xXxy * XXZ
- _ gl - -
uxyy = 3a(1 - 587), uxyz = =15aRY, U sz
o =383 - 58°) u. =2.41-58), u
yyy ’ yyz ' ’ y22
Fourth Order:
_ 2 4
Uyxx - 9 - 90a” + 105a
= 15a8(7a - 3)
XXXY

2274H E-1
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3v(1
3af 1

38(1

(E.1)

(E.2)

(E.3)

(£.4)

S5a

5y
(E.5)

5y )



15ay(7al - 3)

uXXXZ =
2 2 2 2
uxxyy =3 - 15(a + B) + 105aB
o= 158y(7a% - 1)
XXyz
2 2 2 2
Uyyzz = 3-15(a + vy ) + 105ayY (E.6)
o = 1508(78% - 3)
Xyyy
o = 15ay(78% - 1)
Xyyz Y
o = 15a8{7y% - 1)
Xyzz
2 4
=9 - 5
Uyyyy = 9 - 908° + 1058
u. = 158y(78% - 3)
yyyz
2 2 2 2
Uyyzz * 3-15(8" + v ) + 1058y

The source velocity components are:

2 2
(0 _ 2 t 1 1t
LM r2 {-Ipguy + (ro)[llouxx -2 IOluxy] T2 (ro) [pgUuxx * ZIHuxxy
0
+ Iozuxyy]}
2 2
Yy =7 oty + () gty * Tortyyd = 2 ) Haoteuy * 2111y
0
(E.7)
+ IOZ"yyy]}
V‘o) = tz {~1aau. + (E—)[I u _+ I u _]1- 1 (SLJZ[I u + 21,,u
z ;Z 00"z o 10 xz 01yz 2 A 20" xxz 11 xyz
0

+ IOZ"yyz]}
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Far-Field 1st Order 2nd Order

v(@ £ I 0 + 1 1+4 & )2[1 + 21 + 1 ]
x °3 Ty, - o 21Yxxz 12Yxyzd ¥ 7 [ 3 1Y% xxz 22Yxxyz 13Uxyyz}
0
V(Q) = t4 {I7qu,, - (E—)[I u + Iyou,. ]+ ] (E—)Z[I u + 21,,u + Iqqu 1}
y ;3 11Vyz T 21%xyz 12%yyz? * 2 T 31%xxyz 22%xyyz 13%yyyz
o
(E.8)
4 2
Q) _ ¢t t 1,t
V2o = 3 vy - GlIgpug, M2tyzzd + 7 &) U3tz * 2logtyzz * Iy3Uyyz1)
o
V(R)=t4{lu - (I + Tu ]+'(1‘-—)2[1u ¢ 2gatiou, + Toau 1)
X ;3 02"xz T 12 "xxz 03 xyz" " 7 o 22" xxxz 13%xxyz 04" 'xyyz
0
V(R) = t4 {Inou,, - (E—)[I u + 1ou,., ]+ ] (ELJZ[I u + 214,u + 1,,u 1
y ;3 02%yz T 12 xyz 03 yyz Z T 22 xxyz 13%xyyz 04 yyyz
o
(E.9)
4 2
(R) _t t 1t |
v, ' = 3 {Tgpuy; - (F;)[IIZ"xzz + 103"yzz] ty (F;) [ppuyxzz + 2113Uxysz * 104"yyzz]}
0
4 2
(P) _t t , LR
vx B ;3 {Izo“xz - (ro) [130"xxz + IZluxyz] 3 (ro) [140uxxxz + ZI31"xxyz + IZZ"xyyz}}
o
V(P) = t4 {1 - (E—) [Iqu + 1 1+ L (E—)Z[I u + 2I,qu + 1,,u ]
y 3 20z .’ 1730%yz 21yyz! ¥ 7 .’ Lla0"xxyz 31xyyz * '22Yyyyz-!
0 (E.10)
V(P)=t4{lu - ) [Tapue,, + Iou ]+‘(-t-)2[1u 4 2aqupos + Toou. 1)
z 3 Y20%zz T 30 xzz 21%yzz} 7 2 T 40"xxzz 31'xyzz 22%yyzz

V(IX) = t3 {Iyqu, - (E—)[I u,, + Iqqu, ]+ ! (ELJZ[I u + 21 + 1 ]
X ;Z 10%x T 20" xx 11 xy ? T 307 xxx 21%xy 12%xyy }
0
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WX £ 1 Iyquge] + 3 (3‘—)2[1 21 I ]
y °© ’;2' {Ipuy - (ro) Iogugy + T1lyy! * 2 T 30Uxxy * Z121Uxyy * T12%yy }
0
(E.11)
i £ - ¥ Tyqu,] + 3 (E—)Z[I s 21 F Tyoues 1)
z T2 {Tyo4; - o 20%xz * 1Vy2! T Z T 30Yxxz 219xyz ¥ "12%yz
0
V“y) = t3 {1 - (3—)[1 u .+ Inou ]4»1 (E—)Z[I u + 21,,u + Iaauo,0 1)
X z 01Y% ot 1 xx 02xy! T 7 )t P2t xx 12%xxy ¥ 103%xyy”
0
V“y)=t3{l —(t—-)[Iu +Iu]+](-t——)[1u + 21,,u T GRRTINN B
y Z 01Yy o - 1y T 020y 7 vl 2ty 12%yy ¥ ‘03 yyy
0
(E.12)
ML £ i Inous,] + 4 (& )Z[I + 21 41 ]
2 T X {Tgyuz = (714 + Tguyzl + 7 fv ) L2tz 12%xyz * T03VYyyz)}
0
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APPENDIX F
FAR-FIELD SOURCE FORMULAS

As usual # denotes the unit normal vector to a projected flat panel and i
and EE are, respectively, unit vectors along the x- and y-axis of the panel
coordinate syst2m (Appendix B). Define Fo as the vector from the origin of
panel coordinates to the point where velocity is being evaluated and r, as

its magnitude. Certain auxiliary vectors are needed:

) n. Fo FO .
B=-1[3( e ) ;; - n]
T .7 ¥
_ E® o0, ©
51. =-[3 (-T) o ?E] (F.1)
+ -+ >
_ ¥ <Y, o

Y 0

The far-field expressions for the source velocities are

2 >
t°l,, T
o . _90._¢ (F.2)
f'o 0
4
t
(P) _
wW o= 3 IZOiS
0
4
t
7O - Iy (F.3)
r
0
4
t
(R) _
v -- ;‘3‘ 1026
0
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Freitaqe

ipres.

W dere

(1x) . o _t
0 0
; (F.4)
t r 4
(ly) _ o t
v Z o7, " 3 (1305 + Igp05]
0

The fact that three auxiliary vectors (F.1) are required means that in effect
a transformation into panel coordinates has been performed. It appears to be
somewhat faster computationally to use the vector far-field forms above rather
than simply truncate the intermediate field formulas in panel coordinates.
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APPENDIX G

SOME SPECIAL NEAR-FIELD FORMULAS

The near-field formulas of Appendices D and I can have numerical diffi
under certain circumstances. Some of these are inherent in the formulas, while

culties

others are due to extremes in panel dimensions - particularly very long thin
panels. Special formulas have been developed to deal with these situations.

»Small Logs" (Long Thin Panels)

First con.ider side 32. If

r,+r,-d
3
r3 ¥ r2 n d32 <eg=10
3772 32
Then define
2
h
2. M2, 2
1+ 2
45 - ™2 (x - £y) + —
A+, A+ b,
dy = d3p - 45
In the argument of the logarithm L(32) set
1l a 1,2 11
ratry-dp =g lgrgle -5 L3
3 2 d3
For Side 41
A similar procedure is used for ry + vy - dgye Define
2
2. M, 2
1+
M1

2274H G-1

(y - m)

+ -

(6.1

(G.2)

(6.3)

(6.4)



dy = (x - &) + (y - n3) (G.4)
dy = dgy - dy
Then if
r, +r, -d
4 1 41
— <€ (G.5)
r4 + r] + c@] 3
set
bt Ty - gty R R -k Loyt (6.6)
4 1 d4 d1

The formulas are slightly different for the other two sides. If

ry+r,-d
1 2 12 .

(G.7)
" T, + djz 3
define
& = (y-npl+ 2t
dl = X - g] (G.B)
d, = dyy - dy
and set
1,1 1 2 1,1 1. 4
rptrycdp g Ergle -3 3e (.9)
= Finally, if
= r. 4T, -
= 3%+ Ty~ 4y
<€ (6.10)
r3 + r4 + d34 3
define
el = (y - n3)2 + z2
d4 = (x - 24) (6.11)

- 2274H G-2




and set
1,1 1,2 1,1 1,4
r3 + T4 - d34 =’2' (T +a—-)€ - -8- (—-3- +—-§)E (G.]Z)
3 4 d3 d4

“T-Derivatives"

The individual T-derivatives in Appendix D become indeterminate if the point
(x,y,z) is on the extension of a side of the panel. The “fix" of Ref. 5 is
designed to remedy this, but it is inadequate for two reasons if the panels
are long enough. One is that if the point is near the side itself, the fix is
inappropriate. The other is that the criterion is too stringent if the point
is indeed near the side extension. The following appears to be a reasonable
*fix of the fix."

1. Slanted sides

If (y - n){y - ng) <0, skip this part. Otherwise calculate

2 2 .2
e3p =h3p +2
(G.13)
2 .2 . 2
eq1 = hgy * 2
If egz/y2 < 0.0001, use
p(32) 5. (32) ,p(32)  ,1(32)
M M s
X aX Yy ay
(32) (32) (6.14)
2
Mo M M2 o o1 1
39z 92 Ty =-n, T Ty -n4l
1+ 3 1
m
32
If &, /y" < 0.0001, use
41 a 41
aTg ) aTi )_ aTg ) an;“) -0
et T Ty T
(6.15)
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(41) (41)
Ty oy My 1

+ = -

1
( - )
9z 92 Ty - mi ly - |
/1 + m§1 ! "3

2. Parallel sides

If hgohgy < 0, skip this part. Otherwise calculate

e%z = (h - n])z + z2
(6.16)
E§4 = (y - n3)2 + Z2
If
2
12___ <o0.000, (6.17)
{x - (5] + Ez)/Z}
use
,(32)  gp(en) 7320 (4D
AP I DL S B
ax X oy oy
(32) (41) (6.18)
2
Ar L I B
3z 3z Tx -5 1 Tx- &l
If
.2
3% < 0.0001, (6.19)
use
320 (4 (32 (41
3 M s A g
9X X Yy oy
32) “n {6.20)
2 1
Mp” My T My ™
%2 % T TR -5l TX- gyl
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Edge Vortex Formulas Near Extended Line

These are needed for small values of

qz =y-m )2 2 (6.21)
If
2 -2
q 7 <25+ 10 (6.22)
Lx = £y op 2l
use the folluwing formula for Jgn(F)
Sgn(x - g‘l) 'I ‘l
Jon(F) = - {t T - g
On n-1 (EZ - x)" 1 (g, - )" 1
(6.23)
nin - 1) 2 1 1
"z L et 1

*Simpson's Rule"

Define R as the distance of (x,y,z) from the closest point of the line vortex
and d as the length of the line vortex. Then if

R/d > 10 (G.24)

do not use the recursion formulas of Appendix I, but calculate the Jmn by
the three-point Simpson's rule
g gz = E] g] + {2

3= | 2FEE = 2l LF(g)) + 4F (Sp0) + FlE,)) (6.25)
&
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APPENDIX H
CALCULATION OF VORTICITY INDUCED VELOCITIES IN TERMS OF
SOURCE INDUCED VELOCITIES

The calculation of the vorticity influences can be made much more efficient by
expressing them in terms of the corresponding source influence, which of
course, must be calculated in any event. The use of this procedure was put
forward in Ref. 21. The portion of the theory that is needed for the present

purpose is quite easy to state.

Suppose there is a variable source density o on a portion of a plane or
curved surface S. The velocity due to this at a point (x,y,z) is

V (source) = Ié 3§ cd$ (H.1)
r

where * and r have their usual meanings. If there is a vorticity distribution
on S of strength

® =k , (H.2)

The Biot-Savart law gives the resulting induced velocity as

»> >

¥ (vorticity) = [ 3—535 wd$ (H.3)
S r

Then if t is a constant vector and if w has the same spatial variation as
o, the velocity due to the vorticity distribution may be expressed in terms
of the velocity due to the source distribution as

V (vorticity) = t x V (source) (H.4)

since & can be resolved into components, each of which has a constant
direction, the restriction to a constant € is not serious. Although the above
results apply to a curved surface S, it is far simpler to apply to a flat
surface. In the present context the above is applied to the flat projected
panel.
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Figure 8 illustrates the projection of a curved panel S on the surface of a
“lat panel A in the tangent plane. In particular, Figure 8 illustrates © from

a point of S and the vector ?f from a point of the projected flat panel to
the point (x,y,z). Evidently

re = (x = B, + (y - m), + 2K, (H.5)

where 1e’ J Fe are unit vectors along the axes of the panel coordinate
system. As in Appendix A, the vertical distance ¢ Letween the curved panel
and its projection is approximated by its leading term Zos which represents a

surface of second degree
¢, = PEC + 20En + Rif (H.6)

The aim is to obtain a consistent two-term expansion of Eq. (H.3) and express
the results in terms of source effects. From Eq. (2.6.7) it is seen that a
two-term expansion of the vector vorticity distribution is

w = W + (H.7)
where

re > - .

w, = uy1e - WJe (H.8)

is zero order and

wy = 2{Hy & + uyyn)?e - 2(u, & + uxyn)ge + 2[-(Q5 + Rn)w, + (PE + Qniy ke
(H.9)

is first order. The constants Uy sy oo etc. are the derivatives of the equiv-

alent dipole distribution as given by Eq. (2.6.4). From Fig. 8 it can be seen that

r= Ff - z,ziZe (H.10)

Thus a two-term expansion ot the vel- ity at (x,y,z) due to the vorticity on
the panel is

« v B X r G] xr wo X k
y“’ ds = {I{——3—(1+3z—2-)+—3——-(,2—-—7—}dA
"¢ i s

(H.11)
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By taking the gradient of the ¢(0) and ¢(c) terms of the source

expansion in EQs. (A.33) and (n..4) of Appendix A, it can be seen that the
integral multiplying 50 above is just the sum of superscript O and ¢

source terms for unit source density. specifically this combination is the
velocity

g = 70 4 rpt(P) 4 2@ 4 rTR) (H.12)

This same combination appears in Eqgs. (2.4.1). To analyze the last term of
Eq. (H.11), collect terms in Eq. (H.9) to obtain

> &> +
where the vectors
-+ _ b 4 - - -
q, = Wyle = Pxxle + (Pyy Q“x)te

(H.14)
-+ _ - L3 -
qy = uyyqe Peyle ¥ (Qy R, )k,
are constants in the integration. The integrals that result from using Eq.

(H.13) in the last term of Eq. (H.11) are the velocities due to Tinearly
varying source densities in the £ and n directions having unit slope, i.e.

V(IX) and V(]y) of Eq. (2.4.1).

Thus the velocity due to vorticity on the panel may be expressed in terms of
source velocities as follows

o . > +(1x) + (]y)
Vw = wy X Ve o+ 2[q, x v + qy X v ] (H.15)

It is interesting to note that Eq. (H.15} can be evaluated directly in refer-
ence coordinates after the relevant source velocities have been calculated and
put into this system. With regard to the velocities due to the vorticity, this
not only means that no transformations between panel and reference coordinates
are required, but it also means that the question of far-field calculation need
never arise. If the source velocities have been computed by far-field
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formulas, they simply are used in Eq. (H.15), so that in effect the vorticity
calculation uses the source far-field procedure. The present code takes
advantage of the second of these facts, the use of far-field source formulas,

but performs the calculation in panel coordinates.

The implementation in panel coordinates proceeds as follows.

Define
n h
Cl-|=-w—3 B]='VTF"’C(T1]+TI3)
(H.16)
™ hg
02=T 82=-T+C(n]+n3)
then
oy x ¥ = ae(dy Ty ] + [-v38,] + kg [BVy + V(1)
(H.17)
b 1 ' * ' T ] ]
+ B3, [-Vzazl + g [-v:8,1 + kg [Bsz + a,V i1}
Define
1
81° i B
(H.18)
= _ 1 =
62 e € = -C
then
5o T =gt v ey - to) + Tl0 ™ erey - o) - v{ e
(1x)
+ lfe[vy 8,1}
(1x) (1x) Uy (H-19)
> 1x + Tx X
+ Bg {1g [Vy (p8, - Qa,) + Je[Vx (P8, Qaz) 8, ]
(1x)
"e["y $ ]}
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G, x VW wm 3, vl - viWias, - Rap) + 3,000V (g - Rap) - v{ e

(H.20)
T (1y) (1y) + ry(1y) (1y)
+ Bg i, [-VZ 8, - Vy (082 - Ruz) + Je[Vx (QB2 - Raz) -V, ez]
(1y)
+ Vx 62]}

# ry(ly)
+ ke[vy €



APPENDIX 1
FORMULAS FOR THE EFFECT OF NEAR-FIELD LINE VORTEX
ALONG A STREAMWISE EDGE OF A PANEL

perivation of the Influence of an Edge Vortex

The equation of the curved panel is Eq. (H.6). For definiteness consider the
case when the edge in question lies in the plane n = ny, j.e. the first
N-Tine (Fig. 3). The modifications for the case of the second N-line are
obvious. Thus the curve c along which the vortex lies is

¢ = o(€) = PR + 20En; + Rnf (1.1)

The unit vector along this curve is

t-—L 13, +73) (1.2)
1+7
where
T = 2(PE + Qny) (1.3)

The velocity due to the vortex is
¢ . (Exf
= ]—Tuds (1.4)
.

where u is the edge value of the equivalent dipole strength. Arc length
along the curve is related to distance in the tangent plane by

ds =v 1 + T d§ (1.5)

Thus with r expressed in panel coordinates (Fig. 8)

@xrs={( 0 ~-Tly-n) ",
[z +Tx-8)+zli, (1.6)
[ly-n)+ O Ik, }dE
2274H 1-1




where the terms in the first colum of Eq. (1.6) are first order, and those in
the second column are second order. This expression is exact except for the

approximation ¢ = Z,.

As shown in Appendix A, a three-term expansion of 1/r3 is

13.= 13 (1 + 3¢y + 3(c% + cz)] (1.7)
r r
f

where r¢ is distance from a point of the flat tangent panel and where

2z,
S By
i
(1.8)
2
. -32.1%2
2" 25172 rz
f
Along the N-line the equivalent dipole strength varies 1inearly
u = B(h + &) (1.9)

where h is the total arc length along the N-Tline up to the n-axis of panel
coordinates (see Section 9.2 of Ref. 2), and B is the unknown value of vortic-
ity that is determined from the Kutta condition. The fundamental flow is
obtained by setting B equal to unity in Eq. (1.9). Multiplying the above
expansions gives the components of the vortex velocity as follows

2
Vo= [215 (0 - [Tly - npdh] - [T(y - nyd(3egh + £)TME
x &y T¢

3
K l3 {-zh + [-2(3c;h + E) + W(Tlx;- E)g+ 3,)]

[ERINY)
<
"

Ty E] rf
(1.10)
+ [-z{3(c% +cy)h + 3cqE} + (3cqh + ENT(x - E) + cz)]}di
- v = (y - hy) IEZ 1 {h + [3c,h + ]+ [3¢( 2 + Yh + 3 11dg
U ) LS etk €y + cplh + 3¢4El}dE
1 f

The integrals in Eq. (1.10) have the form

s
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= | 5; dg (1.11)
&1 T

Once the Jon and J1“ have been calculated the others are calculated from
the recursion formulas

2
Jmn - J(m—Z)(n-Z) * ZXJlm—1)n L J(m-2)n (1.12)
where
p2 = x2 + (y - n1)2 + 22 (1.13)
The required Jg, and Jy, are
r.+r. +d
12 (12)
Jdoy = log — = -L
01 r] + rZ diz
VTP I S TR Y
1 S o % R
Jaa = [ - ] (1.14)
03 ;;! ) 2
1 1
J.|3 -"—]-F-2-+XJ03
E, - X - X
Jos = ]2 -2 R L —— + 23]
3q r> r
1,1 1
g = -3 373+ xdgs
T, N
£, - x &y -
1 2 1
dog = [ - + 8]
07 4 5 5 05°
_ 59 T2 "
Lol AL
=585 5 ) + xdgg
2 1
where
€= ly-apl+z (1.15)
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and where r and ) are, respectively, distances of the point (»,y,z) from
the ends of the interval, i.e.,

ré = (x - Zk)z + (y - ﬂ])z + 2 (1.16)

In terms of certain auxiliary functions, Fn, the velocity components of Eq.
(1.10) are

v

Iy - -(y - n1)[hF] + F5]

vfy

er = +(¥ = n1)[h‘]03 + Fz + 3hF4 + FG]

-th03 + [-zF2 + hF3] - z[3hF4 + FG] + F7 (1.17)

The auxiliary functions for on-body panels are:

-n
——
[

= ZPJ]3 + ZQn]J03

-
I

- 2
2 32h[PJ25 + Zin.J]5 + Rn1J05] + {J]3}

2

-
w
W

5.2 1
FA=7320-3Q

02 2.2 3 2 4
Q; = [P35 + 4PQnpdzy + (2PR + 4Q°)njd,y; + 4QRmpdy 4 + R n9p;] (1.18)
F = 6zh[P2d,c + 3PQyd,e + PRUZ g + 20220, + QRrdne] + {2Pdy3 + 20mdy3)
5 35 1925 Y15 1915 1905 23 1913
) 2
F. = 3zh[-P2d, . + (2P%x - 2PQny)Jae + 6PQXNIpc + (80%xnZ + 2PRx% + 2QRn3)
7 45 1'Y35 MY2s5 M 1 Mg

The formulas for wake panels are obtained from Eq. (1.18) be deleting ali terms
in {} and replacing h by L (total).




For the semi-infinite last wake additional changes are made to the formulas
(1.14) for the J corresponding to

Ep > @ r, e 52/"2 + 1 (1.19)

Furthermore, P and Q are set equal to zero.

HR LA ARIRYP IR UL R0 L U N
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APPENDIX J
FAR-FIELD EDGE VORTEX FORMULAS

2 g] + g 2 .
rg =[x - (-—-1r—-)] + [y - “]] +z

2,2
(EZ = g]) /rF < 0.001,

-
\

Ix -ly - nl)ToI

+E

by = Loz Ty (- By e gl

-
"

-
"

Iz (y - “l)l

825
I=——Tz—'(h+

gL+ E
1 2 )

81* %
Z[P——Z'—+Qﬂ-|]
£+ 8y 2 g+ &,

= (P —]—2—") + ZQH](-‘—'Z‘_) + Rn%

(J.1)

(J.2)

(3.3)

For the second N-line the obvious quantities are replaced by the corresponding
ones. The above equations replace the elaborate formulas of Appendix I.

2274H
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APPENDIX K
PARABOLIC CHORDWISE VORTICITY

The assumption of constant vorticity around a wing section (linear variation

of the underlying dipole strength) can lead to numerical difficulties on cer-
tain wings with very thin trailing edges. Accordingly, a second chordwise
The important consideration is to have the

variation option is required.
the trailing edge on both upper and

*bound” vorticity strength approach zero at
lower wing surfaces. This js accomplished by a quadratic global variation of
vorticity as a function of arc 1ength along an N-line. While only two glonal

chordwise variations have been incorporated into the present method, many such
As will be seen below, the required modifications to

variations are possible.
This flexibility is due to the use of vorticity

the program are quite minor.
as an auxiliary singularity.

the linear variation of the under-
cubic variation having
Specifically,

To implement the parabolic vortfcity option,
lying dipole strength along an N-line is replaced by a
zero derivative at the upper and lower trailing edge.

2
11} (K.1)

- s . s
u=Bs 3 {rgotany ~ 2 [ Ttetal

where s is arc length along the N-line. The above is a global variation. The
variation over an individual panel can be no higher a degree than quadratic,
and in the present method has been taken as linear. It is assumed that the
underlying dipole distribution on a panel agrees with Eq. (K.1) at the corners
of the panel and varies linearly in between. Thus, the overall behavior is

that of an inscribed-polygon approximation to Eq. (K.1).

n individual panel the arc length measured along an N-line from the
1 is hF + gy or hS + 54 while the
The linear

For a
trailing edge to the Tower corner of the pane

arc length associated with the upper corner is hF + gy or hg + E5.
function that agrees with Eq. (K.1) at these two values of arc length is

u = B(H + IE) (K.2)
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where on the two N-Tines the constants H and 1 have the values

2
(total)]

3 2 3
He = [ Teomn M B1%2) T 7 (g - 515,30 + £y + E5)]
F

3

F LF tota

2
L, (total)]?

2

! F

[3h

(2hF - gt 52) - + 3hF(€] + :2)

+ B4 Es T, (K.3)

3 2 2 3
Hg = —reotaTy (Ps - 53%a) - [ha = E2E,4(30c + 4 + )]

3 2 2
1. = (2he - Eo+ E,) - [3hs + 3h (g, + E,)
S [S (total) S 3" "4 [LS (tota,)]z S $-3 4

+ 5+ 5+ gty

where all symbols have the same meaning as in Section 2.6.1. Thus the
quadratic form (2.6.9) for the variation of dipole strength over a panel is
replaced by

/
g F—

Bty - BHs |, Bls™ - Brlpms | Bofls™n - BrfEns
W

w w w

En +

+ C(BF - BS)(n - n3)(n - n]) (x.8)

The dipole derivative formulas of section 2.6.1 are modified in an obvious
way, specifically

a. Terms containing ¢ are not changed.

b. In terms containing hF or hS these quantities are replaced by
He or He, respectively.

c. A1l other terms are multiplied by I or Ig as appropriate.
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The wake formulas are unchanged except for c. In the constant chordwise
vorticity option, the parameter ¢ is nonzero on wake panels if the "piecewise
linear" spanwise variation of vorticity is used. lowever, if the parabolic
chordwise vorticity option is used, c is taken as zero on a}ll panels,

The near-field edge-vortex formulas (Appendix 1) are wodified as follows:

= unchanged

—t
)

F2 = replace hF by HF

multiply J13 by IF

F3 = unchanged
F4 = unchanged {K.5)

F5 = Replace hF by HF
multiply {2PJ23 + ZQn]J]3] by Ip

F6 = mult ply entire term by IF

7 ° replace hF by HF
multiply [—PJ33 + ZPXJ23 + (Zqu] + Rn%)J]3] by Ig

The wake formulas are unchanged. Replace H by LF(tot.) and set I = 0.

Note that the terms multiplied by I are exactly the terms neglected in the
wake.

In the far field (Appendix J), the only change is that I becomes

d g] + 52
1= (M + =521 (K.6)

Tl
nwim
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APPENDIX L
B DERIVATIVES AT SECTION EDGES

If the k-th strip is last in a section, the square bracket in Eq. (2.6.30) of
Section 2.6.5 is replaced by

;
(DB, , + EB _; + FB ] (L.1)

Wk Wk_] + Wk
W1 T 1720w o W) W o W

- Wy 120w, + W)
k ka_z + wk_]1(wk_] + wk)

Yo ¥ 3"k-] + 2wk
"k Tw 7 * W W, + 1720w _, + %]

D= )

(L.2)

If the k-th strip is first in a section, the square bracket is replaced by

[DBk + EBk+] + FBk+2] (L.3)
D - 2uy + My Ve
k TWL Pt 17etw + W2
_ “ee1 t 1/2("k + "k+2)
E= 4wk Tw, +w, ,)w +W.,) (L.4)
k k41" k+l1 k+2
. Y et a1
Werl * 17200+ weo) Wy W,
If a sec.ion has only one strip, eliminate the square bracket, i.e.
D=E=F=0 (L.5)

If the section has two stripos, use
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E=~- ———— (L-G)

F=-E

for the first strip, and

0

k * k-1
E=-D (L.7)
F=0

for the second strip.
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APPENDIX M
CONVERGENCE ACCELERATION SCHEME

After each iteration, a convergence acceleration procedure is invoked in which

a new solution is defined in terms of a linear combination of the previous
solutions. This appendix will give the details of the calculation of the

required linear combination.

et X%, x'. ... XX and res?, Res', ... Res®

and their corresponding residual vectors. Since there are N+L unknowns to be

be k + 1 successive approximations,

solved for, we defin: the (N+L) x {k+1) matrix whose columns are the solution
vectors

ix] = 0O, x', ... %K1 (M.1)
Similarly, define the residual matrix

1 2

[res? = [Res®, Res!, resZ, ... resk) (M.2)

Define the *linear combination vector"

fO}
X' =[x] | . | (M.3)
:
f
L
and the corresponding residual is
-
£
RES' = [RES] . % (M.4)
e !
lfk ,
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Note that we can write

RES' = R - AX'
o
- R-AIX]| .
"]
fo
K 0 1 L4l °
= R(1 - _{0 ;) + [(R - AX ),(R - AX'), ... (R - AX)]} .
1= .
f
0y
£, |
k 0 pecl ky | °
= R(1 - _{0 f;) + [RES", RES', ... RES 11 . (M.5)
1= .
|
Therefore, by choosing
‘T (M.6)
f, = (1 - f.) M.
k i=0
the first term will disappear, and a new residual is given by
B 7
fo
RES* = [RES] fi-1 (M.7)
L] - fo - e = fk-1“

Define (k+1) x (k+1) "modified” unit matrix Iy by
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I = 0 . (1.8)

L_ -] "1 '] eee "] 1

from which the linear combination vector can be written:

_.f 1 fq ] )
0 | F
) 1= I] ) = I.' (M.g)
1
L-ka Fr1
R
where F is the (k x 1) vector
fg ]
Fe= |-

| fe-1]

The new residual vector RES' can now be written as a matrix product involving
the old residual matrix and the unknown vector F in the form (using Eq. (M.4))
Fl
Res' = [RESI[I41 ! | (1.10)
L'
pefine the norm of this vector, |{RES' || by

T

|{RES'[]? = RES' < RES'

GRS Y Res]’  [(Res]  [14) (M1.11)

— 1
- M
|
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The right-hand side of this equation is a quadratic non-negative (scalar)
function of the k unknowns fo, f] cee fk-l‘ The minimum value must therefore
occur at the point at which

3§7 lIRes* {12 = o for i=0,...k-1.
1

This will therefore provide k linear equations which can be solved to minimize
Eq. (M.11).

Calculation of Partial Derivatives of ||RES'H2

First define the symmetric matrix P by

P = [Res]T  [RES]
i.e. P = [P..], where P_. = RES' - RESY (H.12)
J 1)
(scalar product of ith and jth residual vectors). Now partition the matrix P

in the fo!lowing manner:

[ p p T
11 12
(kxk) (kx1) .
P = T (M.13)
P12 P22
L (Ixk) (lxI)d

so that P]] = scalar products between all of the residuals RES® ... RESk'l,

vhile P, consists of scalar products between latest residual RESk, and all of
earlier residuals, RES? ... RESk'l, and P,, is scalar IIRESkIIZ.
Next define the symmetric matrix Q by

Q= (1,07 (P1 (1], (M.14)

and again partition the matrix Q to separate the last row and column:
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U, | al e e 0 |
(kxk)  (kx1) I : I s
Q = = ¢ * l(M.]S)
T -1 0 !
O 0, : !
LS]xk) (1x1) lEP"‘O] 1 P12 Pzl |[-1...-1] 1}
Straightforward matrix multiplication can show that:
Q1] = P]] + P]z['1]T + [’]]sz + Pzz[‘]][’1]T
or q =p -p -p +p (M.16)
M5 "1y 12, - Py " ree
and
Qp, = Pyp * Poal 1)
or Y, " Pz, " P22 (1.17)
b
and Q7 = P22
Eq. (M.11) now can be written
O, 4ol ¥
{Rest (12 = [F 1] . g (M.18)
Q Q
12 22 L

and partial differentiation of this expression with respect to fo, f], cee

fr-1 provides a set of k linear equations:

QqF + Qyp = 0

or Q1]F = -Q12 (M.]g)

rovides the unknown k acceleration coefficients.

kil L 2

the solution of which p

Given this solution, we can define the acceleration vector

- 22744
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fo
Fro= : (M.20)
'S
] - fo e e -fk"]—‘
from which the new solution X' is given by
X' = [X]F!
and (M.21)
RES' = [RESIF®
22744
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APPENDIX N
THE COMPRESSIBILITY CORRECTION

The user inputs the average incompressible velocity Vi, which should corres-
pond to physical conditions in the region of interest. If V} > ks Vi is set
equal to ax and the average density ratio € is

e =P =0.6339 (N.1)
P

If this occurs the point is 1abeled "choked" on the output.

1f V} < ax, it is used as it stands to compute (;]pt) by an jterative

procedure. The iterative equation is
: V& 2 : 2.5
e=[1-5(3—t-) -—2—] (N.2)
€

with initial value € = 1.

Finally, the compressible velocity magnitude V is calculated from

m Vi
vavy @, m=ot (N.3)
i

where V; js the magnitude O. the local equivalent incompressible velocity

(Section 3.3). The direction of Tocal velocity is not changed.

It will be seen in Appendix 0, EQ. (0.20), that an equivalent incompressible
]

average velocity v is computed at the control station. For compatibility at

the control station, the input should jnsure that

V. = V¢ (N.4)

or the computed surface Mach number will not agree with that input for the
control station. (This is also the default.) This seemingly contradictory
flexibility is allowed to improve results if the region of jnterest is far
from the control station..
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APPENDIX 0
OPTIONS OF THE COMBINATION PROGRAM

0.1 Incompressible Option

If the flow is incompressible, this option is selected and only the following
quantities are input:

v freestream velocity
v average velocity at the control station

reference velocity used in computing pressure coefficient

ref
a angle of attack
B angle of yaw

0.2 Freestream Conditions

For compressible flow the freestream conditions are defined by inputting angle
of attack a, angle of yaw B, and three additional quantities:

either velocity V_ or Mach number M_
either total pressure P, or static pressure P,
either total temperature Tt or static temperature TS

Then the preliminary calculations are as follows:
0.2.1 M_ Input
(a) If Pt is input, Ps is given by

1 .2.73/5
Py = Py(l + £ 1) (0.1)
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If Pg is input, Py is given by

1.2 3/5
P, = P (1 + M) (0.2)
If neither is input, the default is
Pt = 2116.23 (0.3)
and Pg is as above.
(b) If Tg is input, Tg is given by
To=Ty(144 ME,)-] (0.4)
If Tg is input, Ty is given by
T, = T (1 + g 10) (0.5)
If neither is input, the default is
Ty = 518.67 (0.6)

and Tg is as above.

In either case stagnation and freestream sound speeds a; and ag are calculated
from

at = 49 /Tt R as = 49 ﬁs- (0.7)
and V., from
1.2 -1/2
Vw = ath (1 + g Mm) (0.8)
0.2.2 Vg Input
(a) If Ty is input, a; is given by
ag = 49 /Tt (0.9)
Mo, is then calculated from
v -1/2
-2 1-3 6] (0.10)
M = — - —_ .
© " a, 5 a,
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The remainder of the calculation proceeds as in 0.2.1 above.
(b) If Tg is input, ag is given by
a_ =49 /T (0.11)

and He by

M, = V./a (0.12)

The remainder of the calculation proceeds as in 0.2.1 above.

0.2.3 Additional Freestream Quantities

Built into the program are constants

32.174

w
n

1715.63

=
n

The following quantities are calculated:

P
Total density: Py = R%'
t
Py
Static density: Ps = RT.
'S
(0.13)
PS ”
Dynamic pressure: q, = 0.7Pt (p;) M
Pressure ratio: Ps/Py
Density ratio: ps/ Pt
Tt
Temperature/sea-level ratio: © = z1ggy (0.13)
Py
Pressure/sea-level ratio: § = >T7E.23
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Critical speed: a, = at/JTTZ

Maximum velocity: Voax = /5 a,

p
Equivalent incompressible freestream velocity: V. =V (33 )
t

Equivalent jncompressible critical velocity: ax = 0.6339%a+.

0.2.4 Summary

Three freestream conditons are input: V_or M, P, OF Pss T, or
Tg {or default values). calculated and saved are

Vw, Ma’ Pt’ PS’ Tt’ TS’ at’ as

pt’ psi qm’ Pslpt! ps/pt’ e’ 6 (0-14)

a4 Vpays Voo 3x

Nineteen quantities all together.

0.3 Control Station Conditions

Input consists of one of the following three quantities:

w inlet mass flow rate

SRRy

VC average velocity
MC average Mach number

The remaining two must be calculated plus some additional quantities.

0-4
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0.3.1 V, Input

Pe is given by
2/5
2

©
O
]
[+
«r

W by
(k)

w = gpcVe 5;%1‘“

and Mc by
-1/2
v
_C 1, ¢
Mc —a;["g(—a—)]

0.3.2 M Input

Ve is given by
-1/2

1
Ve = 3gMe (1 +'5“3:)

Then pc and w are obtained as in 0.3.1 above.

0.3.3 w Input

Here V¢ must be calculated jteratively by solving the equation

W
[1 - 12V /3¢

Y. =
¢ " glAcp(K)/ 14870y 1215

starting with Vc = 0.

Once Vc is krown, Mc and Pe are obtained as in 0.3.1 above.

0-5
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0.3.4 Additional Control Station Quantities.

These are calculated as follows:

Vo2 3.5
. . - - 1 ( C) ]
Pressure ratio: (P/Py) = [1 5 b5
Density ratio: uc/pt
Pc 2
Dynamic pressure: 9, = 0.7Pt (3;) Mc
{0.20)
Velocity ratio: Vo Ve
Corrected mass f low: T
orrected mass flow: Veor = W 3
. . Pc
Equivalent incompressible average velocity: Vé = Vc LEE )
0.3.5 Summary
One quantity, w, V., or M. is input. Quantities savea are
Wy Voo Moy ocs (P/P)s (oc/pg)s s (V/V)s W os Vi (0.21)

a total of ten quantities.
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APPENDIX P
ORGANIZATION OF THE INPUT POINTS

The input to this program consists of the coordinates of a number of points.
These points defina the surface of the three-dimensional inlet around which the
flow is to be computed. For the purpose of organizing these points for compu-
tation, each point is assigned a pair of integers, m and n. These integers
need not be input, but their use must be understood to insure the correctness
of the input and to facilitate the interpretation of the output.

For each point, n identifies the “column" of points to which it belongs, while
m identifies its position in the "column," i.e, the "row." The first point of
a "column® zlways has m = 1. To insure that the program will compute outward
norna! vectors, the following condition must be satisfied by the input points.
If an Jbserver is located in the flow and is oriented so that locally he sees
points on the surface with m values increasing upward, he must also see n val-
ues increasing toward the right. Examples of correct and incorrect input are
shown in Fig. 34(a). In this figure the flowfield Ties about the paper, while
the interior of the body 1ies below the paper. Occasionally, it happens that
despite all care a body is input incorrectly. If the entire body is input
incorrectly - not some sections correctly and some incorrectly - the difficulty
can be remedied by changing the sign of one coordinate of all the input points.
This trick will give a correctly input body of the proper shape at perhaps a
peculiar location. Otherwise, the input will have to be done over. If the
inlet is input correctly (Step 2), but a cross-sectior (Step 4) is input so
that its normal vector points upstream, the combined flow will be correct, but
the flux at the cross section will be negative. Clearly a control station with
the wrong normal vector invalidates the calculation (Step 4).

The body surface is imagined divided into sections, which may be actual physi-
cal divisions or may be selected for convenience. A section is defined as
consisting of a group of at least two n-lines. Within eachi scction the n-lines
are innut in order to increasing n. On each n-line the points are input in
order of increasing m. A1l n-lines in a section must have the same number of
points, but this may vary from section to section. The first n-line of the
first secticn is n = 1. From then on the n-lines may be thought of as numbered

2274H p-1
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¢ -ecutively through all sections, i.e., the numbering is noi hegun over at
the beginning of each section. Elements will be formed that arz associated
with points on every n-line except those that are last in their respective
sections. Points on these latter n-lines are used only to form elements
associated with points on the next lowest n-lines.

To illustrate this procedure, consider the plan view of a body shown in Fig.

34(b). This body has been divided into four sections, as shown in the figure.
The first section contains four n-lines, n =1, 2, 3, 4; the second, five

n-lines, n = 5, 6, 7, 8, 9; the third three n-lines, n = 10, 11, 12; and the
fourth three n-lines; n = 13, 14, 15, The number of points on each n-line are:

Section =12 3 4
M=4742

Notice that the line n = 4 has only four points, the points m = 1, 2, 3, 4 and
the m-grid of Section 1, which is Tisted in the figure along the n = 1 line.
The lines n = 4 and n = § are physically identical. Some of the points on the
two lines are physically identical but correspond to different values of m.
This is of no consequence. In this scheme sections are completely independent.
No elements are computed corresponding to points on lines n = 4, 9, 12, 15.

s
There is no restriction that the m and n lines of different sections have to
be roughly parallel. The arrangement shown in Fig. 34(c) is permissible.
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